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Abstract 30 

Magnetotelluric (MT) impedances from 62 sites in southern South Island of Aotearoa New 31 

Zealand have been used to model GIC in four transformers during two solar storms. Induced 32 

electric fields during the storms are calculated from the MT impedances using the magnetic 33 

fields measured at the Eyrewell (EYR) geomagnetic observatory, approximately 200 km north of 34 

the study area. Calculated GIC during the sudden storm commencements (SSC) give a generally 35 

good match to GIC measured by the network operator, Transpower New Zealand. Long period 36 

GIC (periods longer than about 10000 s) are less well modelled. Calculations based on thin-sheet 37 

modelling, which has restrictions on the shortest period of variation which can be modelled, 38 

perform less well for the GIC associated with SSC, but are equally good, if not better, at 39 

modeling longer period GIC. Consistent underestimation of large GIC at one transformer 40 

(HWBT4) near Dunedin are likely to be the result of uncertainty in the assumed values of line, 41 

transformer, and earthing resistances. The assumption of a spatially uniform magnetic field 42 

across the study area, which is implied by use of the magnetic field measured at EYR as a basis 43 

for calculation, may also lead to incorrect calculation of GIC. For one storm use of magnetic 44 

field data from a magnetometer within the study area leads to much improved modelling of the 45 

observed GIC. This study compares modelled and measured GIC using specifically measured 46 

MT impedance data. 47 

Plain Language Summary 48 

Variations in the Earth’s magnetic field during magnetic storms produce induced currents 49 

(geomagnetically induced currents – GIC) in the ground which can present a risk to electricity 50 

transmission networks.  Long period magnetotelluric measurements made at 62 sites in southern 51 

South Island of Aotearoa New Zealand have been used to model GIC observed during two 52 

magnetic storms. It is found that large GIC occurring over short periods of time associated with 53 

the commencement of a storm can be well modeled. GIC occurring over longer periods are less 54 

well modeled. Uncertainty in values of resistances incorporated in the model of the transmission 55 

network are likely to be the reason why the size of GIC is consistently underestimated at some 56 

locations. The assumption that the magnetic field variations are uniform across the study area is 57 

also found to not always be valid.  58 

 59 
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1 Introduction 66 

 On the Earth’s surface space weather, originating from activity on the Sun, manifests as 67 

geomagnetically induced currents (GIC). These GIC travel along man-made conductive 68 

pathways such as electric transmission lines, pipelines, railways and telecommunication cables. 69 

In extreme cases GIC can cause communication outages, and damaging transients in electric 70 

power grids (Joselyn et al., 1995). The most notable example being the failure of the Hydro-71 

Quebec system during a magnetic storm in 1989 (Boteler, 2019). Quantifying GIC on the Earth’s 72 

surface requires information about the horizontal geoelectric field induced by the changing 73 

magnetic field associated with a geomagnetic storm.  The relationship between these is given by 74 

the surface impedance (Pirjola, 2005). Several techniques have been used to give surface 75 

impedances that may be used in the calculation of GIC. Many calculations (e.g. Boteler, 2001; 76 

Wik et al. 2008 ; Myllys et al., 2014; Torta et al., 2014, Marshall et al., 2019) have used simple 77 

layered models of electrical conductivity structure to derive the electric fields resulting from the 78 

time varying magnetic field. Marshall et al., (2019) also used impedances derived from a 3-79 

dimensional conductivity model to calculate GIC in south-eastern Australia & Kruglyakov et al., 80 

(2023) utilized 3D conductivity model to compute GIC along a natural gas pipeline in 81 

Fennoscandia. However, two methods have been used to give values of the surface impedance 82 

relating electric and magnetic fields. 83 

 The first such method involves representing the 3-dimensional conductivity structure of 84 

an area by a thin-sheet (TS) model (Vasseur & Weidelt, 1977) in which lateral variations in 85 

conductivity are represented by two-dimensional spatial variations in the conductance of a thin-86 

sheet at the surface of an underlying layered electric conductivity profile. This method has been 87 

used successfully by, among others, Bailey et al. (2017, 2018) for calculating GIC in the 88 

Austrian power network, McKay (2003), Beggan et al. (2013) and Beggan (2015) for the United 89 

Kingdom, and extensively in Aotearoa New Zealand by Divett et al. (2017, 2018, 2020) and Mac 90 

Manus (2022a, 2022b). It is, however, limited by numerical requirements of the model which 91 

restrict the ability to model high frequency electric fields, and hence GIC.  92 

 An alternative method for determining the surface impedance is the magnetotelluric (MT) 93 

technique (Simpson & Bahr, 2005) in which field measurements of time-varying and electric and 94 

magnetic fields are used to directly derive the impedance.  MT remains the most efficient 95 

geophysical technique for obtaining information about the geoelectrical structure of the Earth 96 

from the near surface to depths on the order of 100km. It is limited in frequency range only by 97 

the sampling interval employed and the duration of recording.  Large scale initiatives to gain 98 

geoelectric field coverage across continents have been underway since the mid-2000s, with the 99 

EMSCOPE (ElectroMagnetic EarthScope) US MTArray (Schultz, et al., 2006) and Australia 100 

Geo-sciences AUSLAMP (Duan, 2021) being two notable examples of magnetotelluric surveys 101 

that have been funded by government agencies. Electric field and GIC calculations based on MT 102 

measurements have been reported by Bedrosian and Love (2015), Love et al. (2018), Sokolova et 103 

al. (2019), Kelbert and Lucas (2020), and Mukhtar et al. (2020). 104 
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 One limitation on many of the studies of the potential impact of space weather on power 105 

networks is the lack of actual measurements of GIC against which to test model calculations. In 106 

this regard Aotearoa New Zealand is fortunate in having an over 20-year long archive of GIC 107 

measurements on multiple transformers. Increased attention to space weather hazards in 108 

Aotearoa New Zealand were initiated by a study analyzing a transformer failure in Dunedin that 109 

occurred on 6 November 2001 which was shown to be associated with a change in solar wind 110 

dynamic pressure (Marshall et al., 2012). The failure of the transformer was suspected to be due 111 

to cumulative deterioration with the 2001 event being the final contributor (Béland and Small, 112 

2004). Such damages initiated the installation by Transpower New Zealand, the network 113 

operator, of LT 505-S Liaisons Electroniques-Mécaniques (LEMs) DC monitoring systems at 114 

additional substations around the country (MacManus et al., 2017), with a focus on more 115 

southern (i.e. poleward) locations. GIC monitoring devices are Hall effect current transducers 116 

installed on the transformer neutral line connection to Earth. The devices measure changes in 117 

current at a nonuniform sampling rate, with the sampling frequency increasing when a larger 118 

change in current is detected.  119 

 The resulting archive of monitoring data has been utilized to compare simulated GIC 120 

derived from a variety of modeling techniques to observed measurements (Ingham et al.,  2017 ; 121 

Divett et al. 2017, 2018, 2020 ; Mac Manus et al., 2017, 2022a; Rodger et al., 2017; and Mukhtar 122 

et al., 2020). By far the majority of these studies have been based on the thin-sheet technique of 123 

Vasseur & Weidelt (1977). A recently completed 62 site MT array study in the south of Aotearoa 124 

New Zealand (Ingham et al., 2023) now allows GIC to be modeled using the derived 125 

magnetotelluric impedances. In this paper we present the results of this modeling. Mukhtar et al. 126 

(2020) have previously presented GIC calculated from MT impedances in the North Island of 127 

Aotearoa New Zealand. However, the lack of actual GIC measurements in the North Island 128 

during that period meant that calculated GIC could not be compared to actual observations. 129 

Although previous studies (e.g. Blake et al., 2016; Torta et al., 2017; Marshall et al., 2019) have 130 

used MT data in deriving conductivity models from which GIC have been calculated from model 131 

impedances,  in this work the GIC are calculated directly from measured MT impedances and are 132 

compared to measured GIC (Butala et al., 2017 ; Shetve et al., 2018; EPRI, 2020 ; Kelbert 2020; 133 

Cordell et al., 2024). We also compare our results with how well GIC calculated using thin-sheet 134 

technique can reproduce measured GIC. In doing so we draw some conclusions as to the 135 

advantages and limitations of the two techniques. 136 

 In common with other authors (e.g. Beggan, 2015; Dimmock et al. 2019,2020; Marshalko 137 

et al. 2021) Divett et al. (2020) found that modeled GIC values are sensitive to the assumed 138 

magnetic field variations. In thin-sheet calculations of GIC in southern Aotearoa New Zealand 139 

the magnetic field has been assumed to be spatially uniform across the area and represented by 140 

measurements from the sole Aotearoa New Zealand geomagnetic observatory at Eyrewell, near 141 

Christchurch (Figure 1). We initially make the same assumption for our calculations based on the 142 

MT impedances. However, we test the validity of this assumption by also modeling GIC using 143 
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magnetic field variations recorded at a different location, which, unlike Eyrewell, lies within the 144 

spatial extent of the MT array (Figure 1). 145 

 We begin by reviewing previous GIC calculations in southern Aotearoa New Zealand 146 

before describing the MT data which we use, and the two geomagnetic storms for which we 147 

model GIC. After describing the method of calculating induced electric fields from the measured 148 

MT impedances, we briefly review the method of using these to calculate GIC in the 149 

transmission network. We then present and discuss calculated GIC for the two storms and 150 

investigate the effect of basing calculations on magnetic field variations from a recording 151 

magnetometer within the study area rather than from the closest geomagnetic observatory which 152 

is some 200 km away. Finally, we compare the results to calculations based on the thin-sheet 153 

method.  154 

2 GIC studies in Aotearoa New Zealand 155 

 As noted earlier, to date GIC studies in Aotearoa New Zealand have largely been based 156 

on the use of a thin-sheet conductance model (Vasseur & Weidelt, 1977), although Mukhtar et al. 157 

(2020) and Mukhatar (2021) did use limited MT data to compute geoelectric fields. The thin-158 

sheet model uses a numerical model approach to calculate electromagnetic induction at a 159 

particular period in a two dimensional thin-sheet of variable conductance overlying a layered 160 

conductivity structure. As outlined above, this type of modeling has proven valuable and 161 

computationally efficient for regional-scale problems, but makes simplified assumptions about 162 

regions where conductivity contrasts may in fact be more complex. Furthermore, the period 163 

range is limited due to the main assumptions of the thin-sheet appraoch (Vasseur & Weidelt, 164 

1977. The range of valid periods for the thin-sheet model for the Aotearoa New Zealand region 165 

has been calculated as between 5 and 80.5 min (Divett et al., 2020) although Mac Manus et al. 166 

(2022a) used a period range of 2 min to 1440 min.  The thin-sheet model developed by Divett et 167 

al. (2017) covered both North and South Islands of Aotearoa New Zealand and assigned 168 

conductance values to the surrounding seas based on bathymetry, and to the land based on a 169 

combination of available MT data and geological structure. This version of the thin-sheet model 170 

displayed strongest electric fields over most of the South Island’s mountainous region consisting 171 

of the resistive Southern Alps terrain. Calculations based on the thin-sheet model showed the 172 

largest GIC to occur in the transmission lines oriented northwest-southeast, resulting from 173 

electric fields primarily influenced by the shape and orientation of the Aotearoa New Zealand 174 

continent rather than the direction of the inducing magnetic field (Divett et al., 2017).  175 

 Modeling of GIC measured on four transformers during a magnetic storm of 17 March 176 

2015 reported by Divett et al. (2020), showed good agreement with the time variations in GIC 177 

but generally underestimated the size of the measured peaks. This was attributed to the inability 178 

of the thin-sheet approach to take into account variations faster than about 5 minutes in period. 179 

Mac Manus et al. (2022a) subsequently developed a technique of scaling the calculated GIC to 180 

give an improved match to observations. This was based on scaling the calculated GIC spectrum 181 

for a transformer to match the observed GIC spectrum. The average power spectrum of modeled 182 
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GIC calculated using multiple geomagnetic storms (the “local multi-storm corrected power 183 

spectrum”) was then used as a basis for scaling modeled GIC for a transformer for other storms. 184 

The technique was also extended to give a “nationwide multi-storm scaling” which could be 185 

applied to any transformer in the Aotearoa New Zealand network, including those on which 186 

direct GIC measurements are not made. Although giving a more accurate estimate of peak GIC 187 

in most transformers (see, for example, Figure 9 in Mac Manus et al. (2022a)) the technique was 188 

still limited by being based only on filtered GIC measurements down-sampled to a 1-minute 189 

sampling interval. 190 

3 Historical geomagnetic storms 191 

 In this paper we focus on two geomagnetic storms from solar cycle 24: (1) the 17 March 192 

2015 Saint Patrick’s Day Storm, and (2) the storm of 07-08 September 2017. The first of these 193 

was used by Divett et al. (2020) in presenting results from initial thin-sheet modeling of GIC, 194 

while the second was used by Mac Manus et al. (2022a) in illustrating the scaling techniques 195 

developed to give an improved fit to the measured GIC.  196 

 The Saint Patrick’s Day (SPD) 2015 storm was characterized by an interplanetary shock 197 

causing a sudden storm commencement (SSC) occurring around 04:46:21 UT. The Earth’s 198 

magnetic field compression intensified so that by 10:00 UT the storm disturbance (Dst) index 199 

dropped to -80nT. Around approximately 11:00 UT, a large magnetic cloud migrated in the 200 

opposite direction causing a second storm intensification (Dst = -228nT) on 18 March (Wu et al., 201 

2015). As observed at EYR the SSC was marked by an initial decrease in 𝐵𝑥 of 20 nT in around 202 

20 seconds, followed by an increase of nearly 100 nT in 35 seconds, simultaneous with a 60 nT 203 

increase in 𝐵𝑦. As is discussed below this resulted in both negative and positive peaks in 204 

observed GIC. The subsequent main phase of the storm was characterized by variations in both 205 

𝐵𝑥 and 𝐵𝑦 including significantly longer periods of over 1 hour.   206 

 The second storm for which we calculate GIC occurred during a solar minimum and 207 

spanned 07-08 September 2017. A geomagnetic Kp-index of 8 was reached on the 07 September 208 

accompanied by a maximum Dst of -33nT (Tassev et al., 2017). Thorough investigation of this 209 

storm is highlighted by Clilverd et al. (2018) in which phases of the storm have been identified, 210 

three of which fall within the date-range of 07 September to 08 September. The first two events 211 

of the storm occurred on the 06 of September and resulted in low magnitude GIC. However, at 212 

Eyrewell the SSC just after 23:00 UT on 07 September was marked by a small decrease/increase 213 

in 𝐵𝑥/𝐵𝑦  followed by a larger increase/decrease of 80-100 nT over 35 seconds which resulted in 214 

triple peaks in observed GIC. As commented by Clilverd et al. (2018), later in the storm, from 215 

around 13:00 UT 08 September, the auroral electrojet was at around 48S and resulted in 216 

significant long period variations in the magnetic field. 217 
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4 Modeling GIC using MT data 218 

4.1 MT data 219 

The MT data used to model GIC have previously been described by Ingham et al. (2023) 220 

who assessed the effect of tectonic and geological structure on the magnitude and orientation of 221 

induced electric fields, and hence GIC. The dataset consists of 62 long period MT sites (Figure 222 

1) on a roughly 25 km grid across the Otago and Southland regions of South Island of Aotearoa 223 

New Zealand. Prior to these measurements, the majority of MT measurements in the South 224 

Island of Aotearoa New Zealand consisted of several profiles (Wannamaker et al., 2002, 2009; 225 

Ingham, 1995, 1996) of sites across the central and northern parts of the island, well to the north 226 

of the present area of study. Previous measurements were also broadband measurements, 227 

covering frequencies much higher than are applicable to GIC, and not extending to such long 228 

periods as used in the present study.  229 

 Electric and magnetic fields were sampled every second, and analysis of the MT data yielded 230 

quality impedances within the period range of 10 - 10000 seconds at practically all sites (Ingham 231 

et al., 2023), with shorter and longer period estimates at some sites. The electric fields calculated 232 

directly from the MT impedances reflect significantly more complex geoelectric structure than 233 

represented in the previous thin-sheet model, and show that induced electric fields are 234 

significantly affected by the geologic structure and tectonics of the region (Ingham et al., 2023).  235 

4.2 Geoelectric field computation 236 

 Initially, geoelectric fields during the two storms studied were calculated from the 237 

magnetotelluric impedances for each site using 1 second magnetic field data from the Eyrewell 238 

(EYR) geomagnetic observatory. As discussed previously by Divett et al. (2020) and Mukhtar et 239 

al. (2020) the magnetic field variations at Eyrewell (EYR) can be regarded to first-order to be 240 

representative of the magnetic field variations across the entire survey region.  241 

 The MT impedance tensors (𝑍), at 45 discrete frequencies(𝜔) for each of the 62 sites 242 

were filtered to remove outliers. The relationship in the frequency domain between the horizontal 243 

electric (𝐸𝑥, 𝐸𝑦) and magnetic (𝐵) field components through the four elements of the complex 244 

MT impedance tensor, 245 

   [
𝐸𝑥

𝐸𝑦
] =

1

𝜇0
[
𝑍𝑥𝑥(𝜔) 𝑍𝑥𝑦(𝜔)

𝑍𝑦𝑥(𝜔) 𝑍𝑦𝑦(𝜔)
] [

𝐵𝑥

𝐵𝑦
]    (1)  246 

then allowed the electric field spectra at each site for a given geomagnetic storm be calculated 247 

from  (𝑍)  and the EYR magnetic field spectra. To obtain the impedance tensor components at 248 

all frequencies a fifth order polynomial was fitted to the variation of each of the real and 249 

imaginary components at each site with the logarithm of the period. The polynomial fits were 250 

assessed both pre- and post- application of the removal of outliers from the impedance tensor and 251 
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𝑅2 values calculated for both the filtered and unfiltered fits. This showed that in all but a few 252 

instances the removal of outliers resulted in an improved fit.  253 

 Once the electric field spectra for (𝐸𝑥, 𝐸𝑦)  for a site had been calculated an inverse 254 

Fourier Transform was used to obtain the electric field responses to the storm in the time 255 

domain. Time series outputs from site 162 for the two storms studied are shown in Figure 2(a) 256 

and 2(b). 257 

 Prior to GIC computation, the geoelectric fields calculated at each site were interpolated 258 

onto a 1/8 x 1/8 degree grid covering the survey area using the nearest neighbor method of 259 

interpolation constrained by Delaunay triangulation with fields outside the survey area treated as 260 

null. The interpolated field values were stored in 3 dimensional matrices where the x and y 261 

components refer to the geoelectric fields (mV/km) and the z component represents time 262 

(seconds). For the 17 March 2015 Saint Patrick’s Day storm, the electric field during the sudden 263 

storm commencement at 04:46:21 UTC are shown in Figure 2(c). The largest electric fields were 264 

in the west of the region considered, on the resistive Median Batholith (Figure 1). The peak 265 

electric field was between 1 and 2 V/km. This is significantly larger than, and in a very different 266 

location to, the peak electric fields of about 0.4 V/km found by Divett et al. (2020) using the 267 

thin-sheet model for the same storm period. This is a first indication that the ability of the MT 268 

data to represent shorter period variations may lead to significantly larger GIC.  269 

 Similarly, the 07 September 2017 storm outputs the largest electric fields during the 270 

sudden storm commencement (Figure 2(d)) with, again, the largest electric fields (of between 1.5 271 

and 2.2 V) being in the resistive west of the study area.  In both Figures 2(c) and 2(d) larger 272 

electric fields also occur close to the south-east coast of the study area, while fields are smaller 273 

both on the sediments in the central southern part of the area, and on the Otago Schist (Figure 1), 274 

in agreement with the results of Ingham et al. (2023) who calculated the electric field response to 275 

uniform magnetic fields across the study area. 276 

4.3 Equivalent circuit grid configuration & GIC computation 277 

 As explained by Divett et al. (2017) and Mukhtar et al. (2020), the electrical transmission 278 

networks in the North and South Islands of Aotearoa New Zealand are separated by a DC cable 279 

under Cook Strait and can be treated as two independent networks. The method of modeling the 280 

South Island network at both substation and transformer level has been described in detail by 281 

Divett et al. (2018), and the same approach, based on Lehtinen & Pirjola (1985) and Boteler & 282 

Pirjola (2014), has been used in this study. As the study area covers only the southern part of the 283 

South Island, that part of the network to the north of Roxburgh (ROX in Figure 1) has been 284 

treated as an equivalent circuit as described in general by Boteler et al. (2013). As discussed, 285 

with specific reference to the south of the South Island by Mukhtar (2020) and Ingham et al. 286 

(2023), GIC calculations using the entire South Island network and those representing that part 287 

of the network north of ROX by an equivalent circuit show only minor differences in GIC at 288 

transformers in the southern South Island. This suggests that GIC at ROX pass to/from ground 289 
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and no current passes to/from the north. GIC calculated using the thin-sheet technique  290 

incorporates the entire South Island and do not make use of the equivalent circuit to represent the 291 

part of the network north of Roxburgh.  292 

 We model GIC in four transformers. Of these, at Halfway Bush on the edge of Dunedin, 293 

is a single-phase transformer HWBT4. The other three transformers are SDNT2 at South 294 

Dunedin, INVT5 at Invercargill and MANT6 at Manapouri. 295 

5 Results 296 

5.1 The St. Patrick’s Day 2015 storm 297 

 GIC resulting from the 2015 Saint Patrick’s Day Storm have previously been modeled by 298 

Divett et al. (2020), using the thin-sheet model. As indicated above, the magnetic field variations 299 

measured at EYR were used as the inducing magnetic field and assumed to be uniform across the 300 

study area in both the thin-sheet and MT models. In the case of the MT data, the magnetic field 301 

values had a sampling interval of 1 second, while thin-sheet calculations presented here used a 302 

sampling interval of 1 minute, following Mac Manus et al. (2022a). 303 

 The negative and positive peak values around the sudden storm commencement (SSC) of 304 

both the measured GIC and those calculated using the MT data are listed in Table 1. At SDN and 305 

HWB the positive peak occurred before the negative peak, while the reverse was true for INV 306 

and MAN. Also listed are the unimodular (i.e. negative or positive) peak values resulting from 307 

the thin-sheet model described by Divett et al. (2020), and, for further comparison, the peak 308 

values from the scaled thin-sheet model as described by Mac Manus et al. (2022a).  309 

 The initial peak GIC modeled at SDNT2 and MANT6 modeled using the MT derived 310 

electric fields are in good agreement with the measured values. The subsequent model peak GIC 311 

of opposite sign are 65-70% of the measured GIC at SDNT2, and 45-55% of the magnitude of 312 

the measured values at MANT6. As outlined previously, during the sudden storm 313 

commencement, after initial small decreases, 𝐵𝑥 increased by about 100 nT over about 35 314 

seconds, while 𝐵𝑦 rose by about 60 nT over the same period. It is likely that even with the 315 

shortest period of the MT data included in the calculation being somewhat less than 10 s, the 316 

electric field response to this rapid change is not fully captured. By comparison, at both HWBT4 317 

and INVT5 negative and positive peak values are underestimated. 318 

 The degree to which the MT modeled GIC fit the observed variation in GIC is shown in 319 

Figure 3. Not only is there a good match at SDNT2 and MANT6 to the peaks associated with the 320 

SSC, but the shape of the subsequent smaller variations is also reproduced. At both HWBT4 and 321 

INVT5, although the magnitude of GIC is underestimated, the shape of variations is also 322 

generally replicated. The non-uniform sampling rate for the actual GIC measurements is 323 

apparent in Figure 3. In general, the sampling rate increases automatically when large changes in 324 

GIC are observed but at most locations is never faster than 1 sample every 4 seconds, and in 325 

periods of quiescence measurements may be as large as a minute (Clilverd et al., 2020). Also 326 
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shown are the model GIC calculated from the thin-sheet model as presented by Divett et al. 327 

(2020). The larger sampling interval means that only a single broad peak in GIC is modeled and 328 

the separate positive and negative peaks are not resolved. The size of this broad peak is generally 329 

comparable to that of the principal peak calculated from the MT model, but it lags significantly 330 

in time from those in both the MT model and the measured values. It is also noticeable from 331 

Table 1 that the scaled model thin-sheet GIC do not give a significantly improved match to the 332 

peak GIC at SSC compared to the original thin-sheet GIC. Indeed, for SDNT2 the original thin-333 

sheet calculated GIC are larger. This is due to the scaling being based on average GIC spectra 334 

across multiple storms rather than simply specific to the St. Patrick’s Day storm.  335 

 Divett et al. (2020) commented on the inability of the thin-sheet model to match the large 336 

negative GIC at HWBT4 compared to the much better agreement at SDNT2. Halfway Bush, on 337 

the hillside on the western edge of Dunedin sits on the volcanic deposits associated with the 338 

Dunedin Volcanic Group.  South Dunedin, only about 4 km away, lies on soft sediments adjacent 339 

to the coast. The two substations thus exist in what are very different environments in terms of 340 

ground resistivity. Divett et al. suggested that MT data might give a more accurate representation 341 

of the induced electric field near HWB than that provided by the thin-sheet model. However, the 342 

MT model, still underestimates the size of the GIC peak. 343 

Measures of how well the MT model GIC fit the observations over this 5-minute time 344 

window are given by the correlation coefficient  , the performance parameter P as defined by 345 

Torta et al. (2014, 2017), and the root-mean-square (rms) misfit of model to observations. Whilst 346 

 gives a guide to how well the time variations of the two quantities match, P takes into account 347 

possible differences in the mean values and standard deviation of the quantities. As noted by 348 

Marsal & Torta (2019) even the best models of GIC rarely have P > 0.5. Values of both  and P 349 

have been calculated using the original measured GIC data and the MT model GIC calculated for 350 

corresponding times. The calculated values during the SSC are shown in Table 2. As can be 351 

seen, correlation coefficients over the SSC are high at HWBT4, SDNT2 and MANT6 reflecting 352 

the degree to which the MT model matches the time variation in measured GIC. The root-mean-353 

square misfits (rms), respectively, at these transformers are 13.4 A, 7.1 A and 1.7 A. Although 354 

still positive, the correlation at INVT5 is much weaker. Similarly, P values for HWBT4, SDNT2 355 

and MANT6 are high compared to that at INVT5. This lower value arises from the fact that, 356 

given the relatively small GIC, the standard deviation of the measured GIC is significantly larger 357 

than the root-mean-square (rms) misfit of the model to the data of 4.0 A. 358 

 Calculated GIC time series for a 3-hour period later in the St. Patrick’s Day storm, from 359 

1300-1600 UT when there were significant longer period variations in observed GIC, are shown 360 

in Figure 4. There is a significant difference between transformers in the degree to which the 361 

observed GIC are reproduced by the MT model. At SDNT2 and MANT6, the time variations in 362 

GIC, both short and long period, are well matched, although magnitudes are slightly 363 

underestimated in size. At HWBT4 the time variations in GIC are again well represented, but the 364 

size of the modeled GIC is too small. In contrast the MT modeled GIC at INVT5 are small 365 
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relative to the measurements, and the model does not reproduce the observations well. 366 

Noticeably the MT model misses the negative peak in GIC at around 13:20 UT, and gives a 367 

small positive peak in GIC at around 15:00 UT when the measurements show a negative peak. 368 

As for the SSC the thin-sheet model gives a good fit to the measured GIC at SDNT2 and 369 

MANT6, albeit the longer period range  means that higher frequency variations are not well 370 

captured. At HWBT4 the thin-sheet model almost completely follows the MT model results, 371 

whilst at INVT5 the thin-sheet output comparison is worse than that given by the MT model. 372 

 The quality of the MT model results is reflected in the  and P values shown in Table 2. 373 

Between 13:00 and 16:00 the correlation coefficients for HWBT4, SDNT2 and MANT6 are 374 

greater than 0.7, but significantly lower for INVT5. P values are lower than for the SSC interval 375 

reflecting the higher variability in the observed GIC compared to the model misfit. This is shown 376 

by the rms misfits to the observations over this 3-hour period which for HWBT4, SDNT2, 377 

INVT5 and MANT6 are 9.25 A, 4.15 A, 1.75 A and 0.86 A respectively. Values of  and P for 378 

the entire storm window from 03:00-18:00 UT are also shown in Table 2 and as might be 379 

expected, yield correlation coefficients and P values that are lower still. 380 

 Results from the St. Patrick’s Day 2015 storm thus suggest that the MT model is 381 

particularly successful in modeling rapid fluctuations in GIC, and able to broadly reproduce 382 

longer period variations. However, there are two significant areas of misfit. At HWBT4 the 383 

amplitude of variations is underestimated, and, more problematically, there is an inability to 384 

accurately model GIC at INVT5 in time variation, magnitude, or even sign. In this regard 385 

Ingham et al. (2023), using a very simplified model of the transmission network, found that GIC 386 

at INV were highly dependent on the orientation of the induced electric field and that relatively 387 

small changes in this altered the sense of observed GIC. This is discussed further below. 388 

5.2 The 07-08 September 2017 storm 389 

 Shown in Figure 5 are modeling results for three of the transformers (SDNT2, HWBT4 390 

and INVT5) for the 1-hour period around the SSC that occurred just after 23:00 UT on 07 391 

September 2017. Results for MANT6 are not shown due to large gaps in the measured GIC data 392 

during this event. Measured GIC values at SDNT2 and HWBT4 showed three peaks associated 393 

with the SSC – an initial positive peak, followed around 30 seconds later by a negative peak, and 394 

then a further positive peak after another 30-45 seconds. At INVT5 the sense of these peaks was 395 

reversed although the second negative peak was extremely small. As for the St. Patrick’s Day 396 

2015 storm, and as shown in Table 3, the MT model reproduces the first two of these peaks well 397 

for both SDNT2 and HWBT4, but significantly underestimates the third. For INVT5, albeit with 398 

much reduced magnitudes, the modeled pattern is also positive-negative-positive, the opposite of 399 

the observed GIC. As for the SSC in the St. Patrick’s Day 2015 storm both the initial and scaled 400 

thin-sheet models show only a single positive peak which significantly lags in time the second 401 

observed positive peak.  402 
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 Through the rest of the time period shown in Figure 5 the MT model GIC give a very 403 

close match to the observed data at SDNT2 and a reasonable one at HWBT4. Although closely 404 

following the average value of the GIC at INVT5, the MT model fails to model the sustained 405 

negative GIC at INVT5 between about 23:25 and 23:30 UT. Calculation of the correlation 406 

coefficients and P values over the 1-hour period from 22:45-23:45 UT (Table 4) shows that there 407 

is, overall, a negative correlation between the MT-model and GIC at INVT5. A negative P value 408 

also results. For both SDNT2 and HWBT4 the fits are numerically much better, although it 409 

should be noted that the actual rms misfits over this period are similar (3-4 Amps) for all three 410 

transformers. The thin-sheet model also fails to model the period of negative GIC at INVT5 and 411 

shows relatively little variation in GIC across the whole period. However, the thin-sheet model 412 

GIC do provide a reasonable match to the measured data at the other two transformers 413 

suggesting better coverage of the longer period storm event. 414 

 Measured and modeled GIC for a later period (11:00 – 16:00 UT 08 September) during 415 

the storm of 07-08 September 2017 are shown in Figure 6 and show some interesting features. 416 

This time interval covers the period when Clilverd et al. (2018) both identified the auroral 417 

electrojet as having moved significantly far north and noted that measurements on three separate 418 

magnetometers suggested that there were significant small-scale features in the magnetic field 419 

variations. This may indicate that the EYR observatory magnetic field data used in calculating 420 

the MT electric fields may not be representative of the magnetic field variations across the entire 421 

area. 422 

 The MT model GIC give a very poor fit to the measured values at INVT5 where, as 423 

shown in Table 4, the correlation coefficient and P values are both negative. The misfit is 424 

particularly noticeable during the interval of 12:00 – 12:45 UT when large negative GIC were 425 

observed at INVT5. At HWBT4 the general form of the variations in GIC is reproduced but, 426 

again, the magnitude is underestimated. However, there is a much better match to the observed 427 

GIC at SDNT2. The thin-sheet model also generally performs poorly at HWBT4 and INVT5, 428 

although it, perhaps surprisingly, provides a better fit at SDNT2.  429 

 Notwithstanding the inability to fit some of the observations from later on 08 September,  430 

these results are broadly similar to those for the 2015 storm and show that, in general, the MT 431 

model GIC give a good representation of the GIC variations in the lower South Island observed 432 

around a SSC. It can be speculated that reducing the sampling interval would further improve 433 

this estimation. Of concern from the southern Aotearoa New Zealand standpoint is the apparent 434 

inability to model GIC at INV, although in general these are only of small magnitude. In the 435 

following section the poor fit of the MT model to the observed data during 08 September 2017, 436 

as seen in Figure 6, is further investigated to assess the effect of choice of representation of the 437 

magnetic field variations. 438 
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5.3 Effect of assumed magnetic field variations 439 

 In all of the models discussed above the magnetic field variations as measured at the 440 

Eyrewell (EYR) geomagnetic observatory near Christchurch have been used as a basis for 441 

electric field calculations. Although, Divett et al. (2020) suggested that the use of EYR magnetic 442 

field variations was reasonable for the St. Patrick’s Day 2015 storm when in reality the magnetic 443 

field variations are not uniform across the study area. For example, Mukhtar et al. (2020), 444 

following Clilverd et al. (2018), quoted that between 12:00 and 13:00 UT on 08 September 2017 445 

the rate of change of the horizontal magnetic field (𝑑𝐻/𝑑𝑡) as measured by a magnetometer near 446 

Dunedin was about 31 nT/min compared to a rate of change at EYR of near 12 nT/min. Given 447 

that the induced electric field is directly proportional to 𝑑𝐻/𝑑𝑡, such spatial variations may 448 

indicate the reason why modeling based on EYR magnetic fields does a poor job of replicating 449 

GIC during this time interval, especially with regard to modeling the correct sense of GIC at 450 

INVT5. It is therefore worth investigating if other magnetic field measurements, rather than 451 

those from EYR, improve the calculation of GIC. 452 

 The ability to model GIC using a spatially varying magnetic field is generally dependent 453 

on the availability of magnetic field measurements from multiple locations that allow techniques 454 

such as the use of spherical elementary current systems (SECS) (e.g. Pulkkinen et al. 2003; Wik 455 

et al. 2008, Viljanen et al., 2012) to be employed. Given the unavailability of multiple magnetic 456 

field measurements in the South Island of Aotearoa New Zealand we, instead, use measurements 457 

from a single additional magnetometer located close to Dunedin. The magnetometer, at Swampy 458 

Summit (SWA) was installed in 2017 and is a Bartington three-axis magnetic field sensor. The 459 

location is only 7 km from the HWB substation (Clilverd et al., 2018). The Swampy 460 

magnetometer does not follow observatory standards and the measured data have a uniform 461 

sample rate of 0.9771s. For computation of GIC, and comparison with the data recorded at EYR, 462 

the magnetic field data were interpolated to give a uniform sampling rate of 1 second. The 463 

variations in the horizontal components of the magnetic fields at both SWA and EYR on 07-08 464 

September 2017 are shown in Figure 7. As can be seen, although the initial SSC at around 23:00 465 

on 07 September produced similar changes in magnetic field at EYR and SWA, the later rapid 466 

variations in both 𝐵𝑥 and 𝐵𝑦 near 12:00 on 08 September were significantly larger at Swampy 467 

compared to EYR. Clilverd et al. (2018) noted that the peak rate of change of the total horizontal 468 

magnetic field, based on 1-minute sampling, associated with this large decrease in field was not 469 

only larger at SWA but also occurred slightly earlier.  470 

 Geoelectric fields were calculated using the Swampy magnetometer data and the MT 471 

impedances in the same manner as for using the EYR magnetic field. The resulting MT model 472 

GIC for the two time periods shown in Figures 5 and 6 are shown in Figure 8 for calculations 473 

using EYR data (blue lines) and using SWA data (green lines). For the period of 22:55 – 23:35 474 

UT, shown in the left-hand panels, the most noticeable aspect is that the GIC calculated using the 475 

Swampy data now give an improved fit to the second positive maximum GIC observed at 476 

SDNT2 and HWBT4. There is also an improved fit to this second positive peak at INVT5, while, 477 
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although smaller than the observed peaks, the two preceding peaks, positive and negative, now 478 

also appear. The use of the Swampy magnetometer data also means that negative GIC at INVT5 479 

between about 23:25 and 23:30 UT, which the original MT model did not reproduce, are now 480 

included in the model output, albeit as having very small magnitude. The correlation coefficients 481 

and P values for this time interval, summarized in Table 4 for both the EYR and Swampy 482 

models, illustrate the improved fit to the observed GIC for all three transformers. 483 

 The right-hand panels of Figure 8 show the modeled GIC for the period 11:00- 16:00 UT 484 

on 08 September 2017. This is the period for which Clilverd et al. (2018) reported significant 485 

spatial variations in magnetic field and, whereas using the EYR magnetic fields as a basis for 486 

modeling did not give a very good fit to the observed GIC, the use of the magnetic field 487 

measured at Swampy now results in a significantly better fit. In particular, the large positive GIC 488 

at about 12:40 UT are much better replicated at both SDNT2 and HWBT4, as are the subsequent 489 

smaller amplitude variations. The GIC model using the Swampy magnetic field also shows 490 

slightly negative GIC at INVT5 during the period 12:15-12:45 UT, something that the MT model 491 

based on EYR fields did not. However, at INVT5 the size of the model GIC remain significantly 492 

smaller than the observed values. This difference between the two Dunedin transformers and 493 

INVT5 may well reflect the short scale differences in magnetic field, the Swampy magnetometer 494 

being located close to both SDN and HWB, but still some 70 km north and 150 km east of INV. 495 

Again, the correlation coefficients and P values (Table 4) illustrate the significant improvement 496 

in modeling the GIC achieved by using the Swampy magnetic field. 497 

6 Thin-sheet model fits 498 

 As can be seen from the results presented above, the principal difference between the two 499 

approaches of modeling GIC – that of using directly measured MT impedances compared to the 500 

thin-sheet numerical approach, lies in the numerical limitations that the latter imposes on periods 501 

(frequencies) that can be modeled. As seen in Figures 3 and 5 and in Tables 1 and 3, the thin-502 

sheet approach is unable to capture rapid fluctuations in GIC occurring on the time-scale of 503 

seconds. On the other hand, both approaches generally give a good representation of longer 504 

period variations in GIC. Indeed, in some ways, at the longest periods better results are given by 505 

the thin-sheet model as there is often increased scatter in the MT impedances at periods longer 506 

than about 10
5 
s. 507 

 Interpolating the observed GIC data to a 1-minute sampling interval using cubic splines 508 

allows correlation and P values to be calculated for the thin-sheet model, although the difference 509 

in time resolution means that a direct comparison of numerical measures of fit with those for the 510 

MT approach is not possible. Table 5 shows the  and P values for three of the time intervals 511 

discussed above, both for the original thin-sheet model (Divett et al., 2020) and for the scaled 512 

thin-sheet model of Mac Manus et al. (2022a). With the 1-minute sampling the small number of 513 

points in the interval 04:45-04:50 UT around the sudden storm commencement on 17 March 514 

2015 makes calculation pointless.  515 
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 For the two longer period intervals correlation coefficients are high for HWBT4, SDNT2 516 

and MANT6. P values for these transformers also suggest good agreement of the thin-sheet 517 

model with the measured data. At INVT5 both  and P are negative for both time intervals. As 518 

indicated previously the scaled thin-sheet model does not uniformly improve these measures, and 519 

at INVT5 makes them significantly worse. Around the SSC of 07 September 2017 the P 520 

calculated for SDNT2 is also negative. 521 

7 Discussion 522 

 Bedrosian and Love (2015), Love et al. (2018), and Ingham et al. (2023) are examples of 523 

studies that have presented the spatial variation of electric fields derived from an array of MT 524 

sites measured specifically for the purpose of calculating GIC. The results presented in our study 525 

compare GIC modeled through the use of specifically measured MT impedance data with 526 

measured GIC. Mukhtar et al. (2020) reported the results of a comparison of MT and thin-sheet 527 

GIC calculations in the North Island of Aotearoa New Zealand, but the lack of GIC observations 528 

in the North Island prevented comparison with actual measurements. Although our modeling has 529 

covered only 2 geomagnetic storms it reveals some salient facts regarding the calculation of GIC 530 

using both MT impedance data and the, more commonly used, thin-sheet modeling technique. It 531 

also raises questions about the spatial discretization of both thin-sheet models and MT surveys 532 

used in modeling GIC. 533 

 The largest GIC are generally related to the rapid changes in magnetic field associated 534 

with a sudden storm commencement, and frequently involve multiple maxima, separated by a 535 

few tens of seconds with changes in the sign of the GIC.  The inherent limitation of the thin-536 

sheet approach in modeling high frequency variations means that such changes cannot be 537 

modeled using this method. Thin-sheet models typically result in a single maximum value which 538 

significantly underestimates the size of the peak GIC (as seen in Figures 3 and 5). The MT 539 

approach, although more successful in modeling changes in sign of GIC occurring on the order 540 

of seconds, and in reproducing larger GIC, still tends to underestimate the size of the peak GIC. 541 

In the current work MT data were measured with a sampling interval of 1 second, such that at 542 

some sites impedances estimates with a shortest period of 5-7 seconds are available to be used in 543 

GIC modeling. It is possible that a smaller sampling interval, allowing calculation of reliable 544 

shorter period impedance estimates might allow better resolution of peak GIC, especially during 545 

rapid changes of magnetic field such as during a SSC. 546 

 In contrast, whereas the thin-sheet technique is numerically limited in terms of 547 

representing short period variations, the MT method is dependent on the reliability of transfer 548 

function estimates. The short period cut-off of around 5-7 seconds may be responsible for 549 

underestimating GIC associated with a sudden storm commencement, while less reliable 550 

calculation of impedance tensors at the longest periods possibly effects calculation of longer 551 

period GIC. The longest period at which reliable estimates can be obtained depends on the 552 

duration of recording (~1 month in the current study) and the level of magnetic activity over this 553 

period. As quoted above reliable estimates at the majority of sites in this study extended to 554 
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~10000 seconds period, with longer estimates at a smaller number of sites. Given the smoothing 555 

and interpolation of estimates onto a 1/8 of a degree grid, it is likely therefore that the MT model 556 

GIC will not reflect variations of longer than, at most, 10000 s. The numerical calculation of 557 

induced electric fields in the thin-sheet technique does not suffer from this limitation and may, 558 

therefore, give better calculation of longer period GIC. 559 

 Long-lasting sustained GIC has been shown to saturate transformer cores and produce 560 

harmonic distortion (e.g., Clilverd et al., 2018; Rodger et al., 2020). The occurrence of smaller 561 

but much longer lasting GIC may lead to degradation of transformers (Gaunt & Coetzee, 2007; 562 

Gaunt, 2014). As can be seen from Figures 4 and 6, both the thin-sheet and MT approaches are 563 

able to model such longer period fluctuations at some locations but are manifestly unable to do 564 

so at others. This raises the question of why this discrepancy occurs.  565 

 One potential reason for this is the assumption of spatially uniform magnetic field 566 

variations across the study area. In Aotearoa New Zealand this assumption is enforced by the 567 

existence of only a single geomagnetic observatory, some 200 km north-east of the current area 568 

of interest. Although, in the present case this assumption appears to be reasonably successful in 569 

modeling of GIC, it must be questioned as to how applicable it will be for use in future GIC 570 

calculations.  For example, in the north of the North Island of Aotearoa New Zealand, some 800 571 

km north of the Eyrewell observatory. As was illustrated in a previous section, the use of 572 

magnetic field variations from a proximal location can notably improve GIC calculations (at 573 

least using the MT method) at sites close to the magnetometer location, but still does not allow 574 

for rapid spatial variations in the magnetic field.  A possible method of overcoming this 575 

limitation is suggested below. 576 

 It is also pertinent that model GIC calculated using both MT impedances and thin-sheet 577 

modelling consistently underestimate the magnitude of GIC at some locations, in particular, as 578 

evidenced above, HWBT4 and INVT5. In this regard calculation of GIC is very dependent on 579 

the correct representation of the power grid configuration, including the resistances of power 580 

lines, earthing points, and transformers that are used in the model calculations. The fact that both 581 

MT and thin-sheet model calculations tend to do well at fitting the same transformers, but poorly 582 

at fitting others, suggests that this may have some significance. Divett et al. (2018) gave a 583 

detailed explanation of how these parameters are included in the power network modeling, whilst 584 

Divett et al. (2020) presented the results of sensitivity testing of the importance of various 585 

parameters. This was done by running thin-sheet calculations with different input parameters and 586 

comparing the calculated GIC power spectrum with that for a base model. One such test used a 587 

simplified network in which combined transformer resistance and resistance to ground were 588 

assumed to be 0.5 .  As an example of the impact of these changes results were given for 589 

SDNT2 and it was found that for this transformer the calculated GIC spectrum was reduced by 590 

40%. This was attributed to the fact that the actual transformer resistance was 0.23  and the 591 

earthing resistance only 0.03 , so that the combined change to 0.5  effectively doubled the 592 

resistance. However, it was found that at another transformer elsewhere in the network the GIC 593 
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power spectrum increased by a factor of 10. Incorrect values related to the topology of the 594 

network therefore remain the most likely reason why GIC are underestimated for some 595 

substations/transformers. 596 

 This issue is also potentially complicated by the fact that values of these parameters may 597 

change with time. For example, many studies have looked into the effect of aging on the 598 

insulation within a transformer (e.g. Du et al.,1999; Martin et al.,2013; Cui et al., 2016; Wang et 599 

al., 2018). In particular, Risos (2018), Risos & Gouws (2019), and Abdi et al. (2023) have noted 600 

that the conductivity of insulating oil increases markedly with age. The magnitude of this effect 601 

depends on heating of the oil and, as noted by Clilverd et al. (2018), temperature increases in a 602 

transformer are affected by the magnitude and duration of GIC. Although, insulating oil in a 603 

transformer has a very high resistance, it does potentially provide a parallel current path to the 604 

transformer windings and it is conceivable that degradation of the oil as it ages may impact the 605 

overall resistance of a transformer. The earthing resistance of a transformer may also vary 606 

temporally with long-term changes to ground conditions also influencing GIC computations. 607 

8 Representing spatial variations in the magnetic field 608 

 As indicated above, the assumption that variations in the magnetic field are uniform 609 

across the study area may lead to erroneous calculation of GIC. The existence of only a single 610 

geomagnetic observatory in Aotearoa New Zealand means that alternative methods to account 611 

for this are required compared to situations where multiple observatories exist, stressing the 612 

importance of this increase with distance of the study area from the observatory. The use of 613 

inter-station transfer functions is suggested as a means of dealing with this issue. 614 

 Inter-station transfer functions have previously been discussed in other contexts by, for 615 

example, Wang et al. (2017) and Sato et al. (2020). For use in calculating more realistic electric 616 

fields for use in modeling GIC from MT data, the following procedure is suggested. Estimation 617 

of the long-period MT impedance at a site is based on the measurement of electric and magnetic 618 

fields at the site for over a period of about a month, with the electric and magnetic fields 619 

represented by equation (1). More explicitly, remembering that all quantities are functions of 620 

frequency: 621 
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𝑖 ]
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𝑖 𝐵𝑥
𝑖 + 𝑍𝑦𝑦

𝑖 𝐵𝑦
𝑖 ]

     (2) 622 

where the superscripts i indicate fields and impedance tensor elements at the ith site. For the 623 

month of recording, the measured magnetic fields at a site may be related to those measured at 624 

the local (in this case, EYR) observatory (𝐵𝑥
𝐸 and 𝐵𝑦

𝐸)through transfer functions J, K, L and M, 625 

calculated in the manner given by Ingham et al. (2017). Then 626 
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      (3) 627 
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and electric fields to be used in modeling GIC can be calculated from the observatory magnetic 628 

field variations from 629 
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  (4) 630 

The transfer functions J, K, L and M for a site thus incorporate any spatial differences in the 631 

magnetic field. Future work could entail incorporating the magnetic variation with the GIC 632 

models but remains outside the scope of this particular study. 633 

8 Conclusions 634 

 In presenting the results of GIC calculations from MT impedance tensors measured at 62 635 

sites in southern Aotearoa New Zealand we have identified advantages and limitations in 636 

modeling GIC through either MT impedances or the thin-sheet numerical technique. 637 

Specifically: 638 

(1) Modeling using MT impedance tensors is better able to represent short period variations in 639 

GIC associated with, for example, a sudden storm commencement. 640 

(2) Modeling of long period GIC variations is limited using MT impedances by how well the 641 

impedance tensor elements can be estimated at longer periods. Long period GIC calculated 642 

through the thin-sheet method are limited only by the accuracy of the thin-sheet representation. 643 

(3) For both methods allowing for the non-uniformity of magnetic field variations across a study 644 

area is important which is proven by using a magnetometer closer to the study region.  645 

(4) All calculations are limited by the accuracy of the power grid resistance data incorporated in 646 

the calculation of GIC. This finding is supported by the fact that GIC models computed via two 647 

separate methods during 2 geomagnetic storms yield poor correlations to measured GIC at 648 

HWBT4 and INVT5, suggesting that the power grid configuration values are a culprit for 649 

underestimated GIC.  650 
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 917 

 918 

Figure 1: Locations of the 62 magnetotelluric sites in the southernmost part of the Aotearoa 919 

South Island, New Zealand superimposed on the tectonic map amended from Mortimer et 920 

al. (2002). Observed GIC measurement locations discussed in the text are denoted by the 921 

red stars. Transmission lines are shown by the blue lines. The yellow star denotes the 922 

location of the Eyrewell observatory near Christchurch and the green star denotes the 923 

location of the SWAMPY magnetometer near Dunedin. Map modified from Ingham et al., 924 

2023. 925 

 926 

Figure 2:  Electric field time series at site 162 for (a) 17 March 2015, and (b) 07-08 927 

September 2017. Panels (c) and (d) show maps of the interpolated electric fields across the 928 

survey area at the sudden storm commencement marked by the large spike in electric fields 929 

in (a) and (b).  930 

Figure 3: Observed and model GIC around the sudden storm commencement of the St. 931 

Patrick’s Day 2015 storm. Red dots denote observed values, the blue lines show the model 932 

values calculated from the MT impedances with a time spacing of 1 second, black 933 

diamonds are the 1-minute interval GIC calculated from the TS model (Divett et al., 2020). 934 

 935 

Figure 4: Measured and model GIC between 1300 and 1600 UT on 17 March 2015. Red 936 

dots denote observed values, the blue lines show the model values calculated from the MT 937 

impedances with a time spacing of 1 second, black diamonds are the 1-minute interval GIC 938 

calculated from the TS model (Divett et al., 2020). 939 

 940 

Figure 5: Measured and model GIC for 22:55 – 23:35 UT on 07 September 2017. Red dots 941 

denote observed values, the blue lines show the model values calculated from the MT 942 

impedances with a time spacing of 1 s, black diamonds are the 1-minute interval GIC 943 

calculated from the TS model (Divett et al., 2020). 944 

 945 

Figure 6: Measured and model GIC for 1100 – 1600 UT on 08 September 2017. Red dots 946 

denote observed values, the blue lines show the model values calculated from the MT 947 
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impedances with a time spacing of 1 s, black diamonds are the 1-minute interval GIC 948 

calculated from the TS model (Divett et al., 2020). 949 

 950 

Figure 7: Variations in the horizontal components of the magnetic field between 18:00 UT 951 

on 07 September 2017 and 21:00 on 08 September 2017 recorded at Swampy Summit 952 

(SWA) and the Eyrewell (EYR) geomagnetic observatory. 953 

 954 

Figure 8: Measured and model GIC for both 22:45 – 23:45 UT on 07 September 2017 (left-955 

hand panels) and 11:00 – 16:00 UT on 08 September 2017 (right-hand panels). Model 956 

values are calculated using magnetic fields measured at EYR (blue lines) and SWA (green 957 

lines). Red dots denote observed values. 958 

 959 

 960 

Table 1: Minimum and maximum values (in Amps) of transformer GIC during the SSC of 961 

the St. Patrick’s Day 2015 Storm. 962 

 963 

Table 2: Correlation coefficient () and P values between MT model GIC and measured 964 

GIC for each transformer considered during 3 intervals of time during the 17 March 2015 965 

storm. 966 

Table 3:  Minimum and maximum values (in Amps) of transformer GIC during the SSC at 967 

~2300 07 September 2017. 968 

 969 
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GIC SDNT2 HWBT4 INVT5 MANT6 

Measured +11.8/-45.5 +11.9/-47.9 -4.9/+9.0 -1.7/+10.0 

62 Long Period MT sites +10.2/-30.7 +3.8/-11.2 -1.3/+1.0 -1.6/+5.7 

Thin Sheet Conductance  

Model (Divett et al., 2020) 
-/-30.3 -/-11.3 -2.1/- -/+4.8 

Scaled Thin Sheet Conductance  

Model (Mac Manus et al., 2022) 
-/-12.9 -/-19.3 -3.6/+0.3 -/+2.7 

 

Table 1: Minimum and maximum values (in Amps) of transformer GIC during the SSC of the 
St. Patrick’s Day 2015 Storm. 
 



 SDNT2 HWBT4 INVT5 MANT6 

  P  P  P  P 

0445 - 0450 UT (SSC) 0.868 0.506 0.901 0.235 0.494 0.092 0.937 0.526 

1300 - 1600 UT 0.745 0.323 0.749 0.091 0.457 0.062 0.743 0.303 

0300 - 1800 UT 0.630 0.214 0.644 0.093 0.384 0.055 0.605 0.202 

 

Table 2: Correlation coefficient () and P values between MT model GIC and measured GIC 

for each transformer considered during 3 intervals of time during the 17 March 2015 storm. 

 



GIC SDNT2 HWBT4 INVT5 

Measured 14.0/-32.5/21.0 13.7/-34.3/18.6 -6.1/13.9/-2.2 

62 Long Period MT sites 13.8/-37.9/5.7 5.0/-13.8/2.1 0.9/-2.2/1.1 

Thin Sheet Conductance  

Model (Divett et al., 2020) 
- / - /18.4 - / - /6.8 - / - /4.5 

Scaled Thin Sheet Conductance  

Model (Mac Manus et al., 2022) 
- / - /13.7 - / - /16.6 - / - /8.0 

 

Table 3:  Minimum and maximum values (in Amps) of transformer GIC during the SSC at ~2300 

07 September 2017. 

 



 SDNT2 HWBT4 INVT5 

  P  P  P 

EYR (2245-2345 07 Sept) 0.739 0.193 0.774 0.280 -0.792 -0.119 

SWA (2245-2345 07 Sept) 0.816 0.335 0.784 0.278 0.478 0.102 

       

EYR (1100-1600 08 Sept) 0.587 0.191 0.582 0.076 -0.470 -0.018 

SWA (1100-1600 08 Sept) 0.819 0.423 0.801 0.164 0.413 0.047 

 

Table 4: Correlation coefficient () and P values between MT model GIC, calculated using both 

EYR and SWA magnetic fields GIC, and measured GIC for two time intervals during the 07-08 

September 2017 storm. 

 



1300-1600 UT 

17 March 2015 
SDNT2 HWBT4 INVT5 MANT6 

  P  P  P  P 

Thin-sheet  model 0.747 0.335 0.749 0.361 -0.015 -0.048 0.698 0.285 

Thin-sheet scaled 0.797 0.328 0.822 0.113 -0.034 -0.260 0.743 0.300 

2245-2345 UT 

07 September 2017 
SDNT2 HWBT4 INVT5  

  P  P  P  

Thin-sheet  model 0.579 -0.331 0.649 0.235 0.200 -0.075  

Thin-sheet scaled 0.604 -0.168 0.686 -0.301 0.124 -0.414  

1100-1600 UT 

08 September 2017 
SDNT2 HWBT4 INVT5  

  P  P  P   

Thin-sheet  model 0.867 0.502 0.871 0.174 -0.345 -0.069   

Thin-sheet scaled 0.871 0.495 0.884 0.503 -0.554 -0.787   

 

Table 5: Correlation coefficient () and P values between model GIC and observed GIC for 

the thin-sheet model and the scaled thin-sheet model for three time periods, based on cubic 

spline interpolation of the observed GIC to a 1-minute sampling interval. 

 


	Article File
	Figure 1 legend
	Figure 1
	Figure 2 legend
	Figure 2
	Figure 3 legend
	Figure 3
	Figure 4 legend
	Figure 4
	Figure 5 legend
	Figure 5
	Figure 6 legend
	Figure 6
	Figure 7 legend
	Figure 7
	Figure 8 legend
	Figure 8
	Table
	Table
	Table
	Table
	Table

