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Key Points: 9 

• Variations in cathodic protection (CP) monitoring data on the New Zealand gas pipeline 10 
network during geomagnetic storms are reported. 11 

• Three locations are identified as having variations which suggest that during large storms 12 
the level of CP may be compromised. 13 

• At any location the CP system responds to electric fields across the whole pipeline 14 
network and not to local electric field orientation.  15 
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Abstract 17 

Geomagnetically induced currents (GIC) produced during geomagnetic storms present a 18 
potential risk to gas pipeline systems by disturbing the cathodic protection (CP) systems used to 19 
protect the pipeline from corrosion. In this study we look at CP monitoring data from a number 20 
of sites on the gas pipeline network in the North Island of New Zealand. We focus on variations 21 
during geomagnetic storms in three aspects of the CP system: 1) the output voltage of the 22 
constant current rectifiers, 2) the potential between the pipe and a Cu/CuSO4 reference cell, and 23 
3) the potential between an installed metal coupon and the reference cell. The industry standard 24 
for suitable CP is that the latter potential should lie between -0.85 V and -1.2 V when the 25 
rectifier is momentarily turned off.  Three monitoring sites in particular are identified as showing 26 
very large variations in rectifier output voltage during geomagnetic storms, suggesting a possible 27 
risk to the system at these sites. Additionally, one of the three sites has coupon potentials which 28 
appear to rise above the -0.85 V level. Magnetotelluric (MT) impedance data are used to assess 29 
how effects at the monitoring sites relate to the magnitude and direction of induced electric 30 
fields. It clear that the response at any monitoring site is related to effects on the pipeline 31 
network as a whole. We also note the risks of disbonding and hydrogen induced cracking, issues 32 
we do not believe have been widely recognized in the research community. 33 

Plain Language Summary 34 

Variations in Earth’s magnetic field during geomagnetic storms induce electric currents 35 
(geomagnetically induced currents – GIC) in the ground which, in certain circumstances, may 36 
disrupt the cathodic protection systems used to protect buried gas pipelines from corrosion. In 37 
this study we examine monitoring data from the cathodic protection system on the gas pipeline 38 
network in the North Island of New Zealand to assess where GIC may present a possible threat 39 
to the integrity of the network. We identify four locations where significant variations in 40 
monitoring data occur in response to geomagnetic field variations and where additional 41 
monitoring is desirable. There appears to be a potential risk to the pipeline system at these sites. 42 
It is apparent that the complex geology and tectonics of New Zealand has a major influence on 43 
how GIC affect the pipeline network. 44 

1 Introduction 45 

Variations in the geomagnetic field resulting from the interaction of the solar wind with 46 
Earth’s magnetosphere and ionosphere induce electric fields in the conducting Earth. The 47 
induced currents (geomagnetically induced currents or GIC) can have significant effects on 48 
ground-based technological systems (Boteler et al., 1998; Pirjola, 2002). The impact of GIC on 49 
power transmission networks has been, and continues to be, studied in many countries and 50 
regions. Recent studies include those in China (Liu et al., 2018), Sweden and the wider 51 
Scandinavian region (Myllys et al. 2014; Rosenqvist and Hall, 2019; Sokolova et al., 2019), 52 
Austria (Bailey et al., 2017, 2018), Italy (Tozzi et al., 2019), Spain (Torta et al., 2014, 2017), 53 
France (Kelly et al., 2017), the United Kingdom (Beggan et al., 2013), New Zealand (Divett et 54 
al., 2017, 2018, 2020; Mac Manus et al., 2022), and the United States (Love et al., 2018).  55 
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GIC also present a risk to the cathodic protection (CP) systems that protect long pipelines 56 
from corrosion. Gideon (1971) and Campbell (1978, 1980) were the first to investigate such 57 
effects, on the Alaska pipeline. Further studies have since taken place in Argentina (Osella et al., 58 
1998), Australia (Marshall et al., 2010, 2013), Canada (Fernberg et al., 2007), and extensively on 59 
the Finnish pipeline network (Viljanen, 1989; Pulkkinen et al., 2001a; Pirjola et al., 2003; 60 
Viljanen et al., 2006, 2010; Hajra,2022). Modelling of such effects using distributed source 61 
transmission-line (DSTL) theory or pi-networks has been described by, amongst others, Boteler 62 
(2000, 2013) and Pulkkinen et al., (2001b) and follows early work by Taflove & Dubowski 63 
(1979) and Dubowski & Taflove (1979) who investigated and modelled voltages in pipelines 64 
produced by inductive coupling with 60 Hz powerlines which shared the same right of way. In 65 
the context of GIC, in addition to direct induction in a pipeline by variations in the geomagnetic 66 
field, modern modelling techniques also allow for the effects of currents induced in the ground 67 
passing onto and off the pipeline through the insulating coating.  In both cases it is assumed that  68 
effects are related to an induced electric field which is parallel to the pipeline. 69 

Ingham & Rodger (2018) reported electric and magnetic field measurements made 25 70 
years earlier at a single location on a gas pipeline in New Zealand.  Correlations were drawn 71 
between these measurements and variations in the measured potential between the pipe and a 72 
nearby reference cell. A major conclusion of this study was that contrary to expectation the pipe 73 
to soil potential appeared to be most sensitive to local electric field variations which were 74 
perpendicular to the pipe. This was inferred to be related to the fact that the pipe was essentially 75 
parallel to the nearby coastline and that electric field variations were largely controlled by the 76 
coastal conductivity contrast. 77 

In the present study we look more widely at the impact of geomagnetic storms on the 78 
high-pressure gas pipeline network in New Zealand, focussing on three branches of the network. 79 
To do this we use monitoring data supplied by the pipeline operators, First Gas Limited. We first 80 
give a brief outline of the monitoring of the CP system used on the New Zealand pipeline 81 
network. This is followed by a description of that network and the data availability.  In sections 3 82 
and 4 we discuss actual monitoring data as recorded during various periods of geomagnetic 83 
activity and attempt to identify sections of the pipeline network which may be most at risk from 84 
GIC. We finish by suggesting avenues for further work based on this assessment and some 85 
discussion of the issue of “disbonding” of a pipeline coating from the pipe, something which to 86 
date has received little or no previous attention from those in the space weather community 87 
researching the effects of GIC on pipelines but has been identified by the First Gas CP engineers 88 
as an area of significant interest. 89 

2 Cathodic protection monitoring of the New Zealand pipeline network 90 

2.1 Cathodic protection 91 

The aim of cathodic protection (CP) is to prevent corrosion of a steel pipe which may 92 
occur when the pipe is exposed in an aerated but neutral electrolyte. In this circumstance, as 93 
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explained by Wagner & Traud (2006), iron in the pipe is oxidized to Fe2+ and current passes 94 
from the pipe to the surrounding ground. To prevent corrosion, it is necessary to maintain the 95 
pipe at a negative potential of between -0.85 and -1.2 V with respect to the ground (Popov & 96 
Lee, 2018). The maximum level of -0.85 V is deemed as generally sufficient to prevent the pipe 97 
from becoming positive with respect to ground. Large variations which allow the pipe to become 98 
more negative than -1.2 V with respect to ground may lead to “disbonding” – the loss of 99 
adhesion between the insulating coating and the pipe. This results from the formation of 100 
hydroxyl ions at the metal surface (Latino et al., 2016) and is discussed further below. In an 101 
impressed current CP system protection is achieved by using a series of rectifiers and associated 102 
anode beds to keep the pipeline at the required negative potential. The actual level of CP can be 103 
measured using the kind of arrangement shown by Gummow (2002), represented schematically 104 
in Figure 1. This involves the installation near the pipe of a small metal coupon which is 105 
electrically connected to the pipe. The potential of both the pipe and the coupon relative to a 106 
Cu/CuSO4 half-cell are measured. Whilst the rectifier is turned on the potential between the pipe 107 
and reference cell is the sum of three potentials – the polarization potential at the pipe/soil 108 
interface, the potential drop due to the resistance of the ground between the rectifier and the pipe, 109 
and any additional potential due to GIC. When the rectifier is intermittently turned off the effect 110 
of the potential drop in the ground is removed from the pipe to reference cell potential but the 111 
effect of GIC and the polarization potential remain. However, if the connection of the coupon to 112 
the pipe is simultaneously interrupted, this removes not only the effect of the rectifier from 113 
measurement of the coupon-reference cell potential but also any influence on this potential due 114 
to GIC. Thus the instantaneous “rectifier-off” potential gives a good estimate of the pipe/soil 115 
polarization potential i.e. the level of cathodic protection. More specifically, variations in the 116 
coupon-reference cell potential of more than 0.35 V when the rectifier is off indicates that the CP 117 
may move outside the “safe” region of -0.85 to -1.2 V. Further information on how seneitive the 118 
CP system is to geomagnetic field variations is given by monitoring the rectifier output voltage 119 
and current as well as the potential between the pipe itself and the Cu/CuSO4 reference cell. 120 

Shown in Figure 2 is an example of such monitoring data from one location on the New 121 
Zealand pipeline network during a relatively minor magnetic storm on 1 September 2019. 122 
Although the maximum value of KP reached 6-, for most of this day the level was about 5, 123 
indicating a minor geomagnetic disturbance. Measurements are made every second. The periodic 124 
interruption of the constant current rectifier is shown by the spikes on all four traces when the 125 
rectifier current goes to zero.  126 

The variations in the magnetic field induce electric fields in the pipe and in the Earth 127 
which cause the potential of the pipe to change. For example, in the period between 0600 and 128 
1200 UT the potential of the pipe relative to the reference cell decreases significantly several 129 
times over a short time interval, as seen in the third panel of Figure 2. In each case this can be 130 
regarded as the pipe becoming more negative relative to the surrounding ground. As the rectifier 131 
output voltage is essentially the potential difference between the anode bed and the pipe, this 132 
means that the pipe is becoming more negative relative to the (distant) anode bed and the 133 
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rectifier voltage, i.e. the potential between the anode bed and the pipe, increases (upper panel of 134 
Figure 2). Conversely, as the pipe to reference cell potential becomes less negative the rectifier 135 
output voltage decreases.  136 

Given the proximity of the coupon to the pipe, changes in the potential between the 137 
coupon and the reference cell while the rectifier is on tend to follow those in the pipe to reference 138 
cell potential. However, the “rectifier-off” potential between the coupon and the reference cell, 139 
which shows the level of cathodic protection, essentially remains constant. In the case shown in 140 
Figure 2 this is at a value of around -1.2 V, indicating that the pipe is suitably protected 141 
throughout this geomagnetically disturbed time period. Except for short periods when the 142 
rectifier output voltage is changing rapidly the current supplied to the pipe by the rectifier 143 
remains constant at around 100 mA, which is expected as the rectifiers are constant current 144 
devices.  145 

2.2 The New Zealand pipeline network 146 

The gas transmission network in the North Island of New Zealand, operated by First Gas 147 
Limited, is shown in Figure 3, along with the naming of important regions (in italics) and cities 148 
(in capital letters). Most gas production is from offshore fields close to Taranaki and the major 149 
part of the high-pressure transmission network runs north and south from here to the major cities 150 
of Auckland and Wellington respectively. From this main pipeline branches run east to Gisborne 151 
(also serving the Bay of Plenty) and Napier, with a line also extending north from Auckland to 152 
Whangarei. The network consists of 48 rectifier sites with anode beds to provide impressed 153 
current cathodic protection and, additionally, a number of locations with earthing electrodes. 154 
Rectifier sites have active monitoring of a combination of the rectifier voltage and current, the 155 
potential difference between the pipe and a (Cu/CuSO4) reference electrode, and the potential 156 
difference between a metal coupon and the reference electrode. In this work we focus on 10 sites 157 
which cover the three branches of the pipeline to Northland, Gisborne/Bay of Plenty and Napier. 158 
Of the 10 sites, 5 (Jack Henry Road, Tumunui Block, Okaro Road, Waimana Road and   159 
Whatatutu Road) are on the west-east pipeline which serves the Bay of Plenty, two (Watershed 160 
Road and Raukawa Road) are on the west-east pipeline that serves Hawkes Bay and three (Salle 161 
Road, Waipu Cove Road and Amriens Road) are on the pipeline which extends north from 162 
Auckland to Whangarei. The data from these sites were provided by First Gas on the grounds 163 
that they were felt likely to be “interesting” to examine in the space weather context.The data 164 
from these sites were provided by First Gas on the grounds that they were felt likely to be 165 
“interesting” to examine in the space weather context.  166 

2.3 Data availability 167 

To assess the general response of these branches of the New Zealand gas pipeline 168 
network to geomagnetic variations the monitoring data covering ten magnetic storms between 169 
November 2017 and October 2020 have been studied. The time spans bracketing these storms is 170 
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given in Table 1, while the availability of the different types of monitoring data at each site 171 
during the storms is shown in Table 2. In some cases there are changes in the types of monitoring 172 
data available between events for the same location. As the overall time span studied falls largely 173 
in the solar minimum between solar cycles 24 and 25 maximum Kp values for the storms shown, 174 
as can be seen from Table 1, lie only between 5- and 7+, with only one storm reaching the latter 175 
level. Also, as seen in Table 2, the full suite of monitoring data (i.e. rectifier voltage and current, 176 
pipe to reference cell potential, and coupon to reference cell potential) is only available at a small 177 
number of the monitoring locations. In some cases measurements of the coupon to reference cell 178 
potential include the voltage drop in the cable connecting the rectifier to the coupon and 179 
therefore give a slightly more negative potential than actually exists between the coupon and 180 
reference cell. At most monitoring sites, in the most recent data, the rectifier is turned off every 5 181 
to 10 minutes, although at Amriens Road and Watershed Road this interval is 6 hours. 182 

3 Monitoring data 183 

In the following two sections we look at the different kinds of monitoring data from a 184 
selection of the storms listed in Table 1. We start by surveying the most widely recorded set of 185 
monitoring data – measurements of the rectifier output voltage – before looking at variations in 186 
pipe and coupon to reference cell data. 187 

3.1 Rectifier output voltage variations 188 

Shown in Figure 4 are the horizontal magnetic field variations measured at the Eyrewell 189 
(EYR) geomagnetic observatory over a 4-hour period at the peak of the KP max = 7+ 190 
geomagnetic storm on 26 August 2018 (storm 2 in Table 1). The Eyrewell observatory is part of 191 
the Intermagnet network and is located just to the north of Christchurch in New Zealand’s South 192 
Island, and is the only New Zealand geomagnetic observatory. One-second measurements from 193 
EYR are therefore the only magnetic field data available from New Zealand which can be 194 
compared to the variations in CP monitoring data. During this storm, over a period of about 40 195 
minutes, there were variations of nearly 500 nT in both the northward (𝐵௫) and eastward (𝐵௬) 196 

components of the magnetic field. Although variations over the North Island are probably 197 
slightly smaller, as suggested by Divett et al. (2020) the field as measured at EYR can be 198 
regarded as a good approximation to variations further north. 199 

 Variations in the rectifier output voltage at 9 of the 10 monitoring sites are available for 200 
this time period and are shown in Figures 5-7. The monitoring sites shown are the three on the 201 
section of pipe north of Auckland (Salle Road – SR, Waipu Cove Road – WCR, Amriens Road – 202 
AR), the two monitoring sites on the section of pipeline serving Hawkes Bay (Watershed Road – 203 
WtR, Raukawa Road – RR) and four of the monitoring sites on the Bay of Plenty/Gisborne 204 
section of pipe (Jack Henry Road – JHR, Tumunui Block – TB, Okaro Road – OR, Waimana 205 
Road – WaR). 206 

To the north of Auckland (Figure 5) very large variations in rectifier output occur at Salle 207 
Road and Waipu Cove Road. At Salle Road, starting from about 0630 UT, the output voltage 208 
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first rises from about 3 V to 5 V before dropping to 1 V at 0722 and then rising to a peak of 209 
nearly 8.5 V at around 0745. The voltage subsequently drops to around 1 V again before 210 
variations gradually die away with a series of oscillations. At Waipu Cove Road the variations 211 
are even more extreme reaching a peak of nearly 10 V and actually becoming negative around 212 
both 0722 and 0805 UT. Such extreme variations clearly suggest that GIC are having a major 213 
impact on the CP system at these locations. 214 

 At Amriens Road monitoring site, just to the north of Auckland and some 100 km south 215 
of Salle Road and Waipu Cove Road, the variations in rectifier output are both much smaller and 216 
180° out of phase compared to those from the sites to the north. As discussed by Boteler & 217 
Seager (1998) such a phase reversal is expected between ends of a pipeline terminated by 218 
insulating flanges. However, that explanation for phase reversals is not applicable in this instance 219 
as in the New Zealand network, apart from a single disconnect near New Plymouth between the 220 
northern and southern parts of the network, the pipeline is electrically continuous with 221 
conducting connections across all insulating flanges. As is apparent from Figure 3 there are also 222 
no earthing points on the pipeline between Waipu Cove Road and Amriens Road which might 223 
explain the phase reversal. A possible rationale may lie in the parallel, but separate, pipeline 224 
from an oil refinery near Whangarei which for CP reasons is bonded to the First Gas network. 225 
The difference in magnitude of potential variations is likely to result from a combination of the 226 
existence of a non-uniform electric field parallel to the pipeline and the different distances of the 227 
sites relative to the ends of the pipeline segments or earthing points. 228 

 Variations in rectifier output for the same time period for four monitoring sites on the 229 
section of pipeline that runs to the Bay of Plenty and Gisborne are shown in Figure 6. Along this 230 
section of pipeline there are a significant number of earthing beds (grey dots in Figure 3) and it 231 
seems clear that these have a major effect on the CP response. This is most noticeable at Jack 232 
Henry Road (JHR) where there is practically no variation in rectifier voltage output during the 233 
storm. Immediately to the north of Jack Henry Road are several earthing beds which mean that 234 
the pipe potential must be very closely tied to ground such that any GIC flowing on to or off the 235 
pipe along its length to the east of JHR do not result in potential changes. The almost uniformly 236 
high rectifier output of between 34-35 V probably results from extremely high ground resistance, 237 
associated with the location of this site on or close to the 320-340 ka ignimbrites of the 238 
Whakamaru formation (Wilson et al., 1986), requiring a high rectifier voltage to supply the 239 
necessary cathodic protection current. 240 

 Tumunui Block (TB) and Okaro Road (OR) are only some 6-7 km apart and show very 241 
similar magnitude variations in rectifier output. The two sites do, however, sit on different 242 
pipeline segments with Tumunui Block situated on a northern branch of pipeline which extends 243 
from the main Gisborne line towards the city of Rotorua, while Okaro Road is on the main 244 
pipeline branch. Again, an earthing bed just to the south, on the pipeline branch going south to 245 
Taupo, may be responsible for the muted variations (relative to those at Salle Road and Waipu 246 
Cove Road). It is possibly also pertinent that the two sites sit almost midway between the 247 
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earthing beds to the north of JHR in the west and a single earthing bed a similar distance away to 248 
the east (Figure 3). As discussed by Pulkkinen et al. (2001b), in the case of a uniform electric 249 
field parallel to a long pipeline GIC effects on pipe-to-soil potential should be minimal midway 250 
along the pipe. Also notable is the fact that the peak disturbance in rectifier output at these two 251 
sites occurs at about 0730 UT which is significantly earlier than at the three sites north of 252 
Auckland. This may well reflect the complexity of the pipeline response as, as discussed further 253 
below, induced electric field orientations vary greatly across the North Island reflecting 254 
variations in geological/tectonic structure. Variations in rectifier output at Waimana Road (WaR) 255 
show both a general 180° phase difference from those at Tumunui Block and Okaro Road and a 256 
peak response which possibly occurs midway between the peaks at TB and OR and those at SR 257 
and WCR. The earthing bed to the east of OR lies between OR and Waimana Road so it seems 258 
unlikely that the phase reversal is related to being at opposite ends of a pipe segment. 259 

 Rectifier output voltages from the two monitoring sites on the section of pipeline to 260 
Hawkes Bay are shown in Figure 7. The muted variations at Watershed Road (WtR) are 261 
presumed to be related to the close proximity of earthing beds to both the west and east (Figure 262 
3). Raukawa Road (RR) is much closer to the north-eastern end of the pipeline segment and 263 
shows a magnitude of voltage variations which is comparable to that seen at Salle Road and 264 
Waipu Cove Road. Indeed, as at WCR, the output voltage becomes negative for short periods of 265 
time around 0722 and 0805. Raukawa Road is approximately 70 km to the north-east of the 266 
location reported by Ingham & Rodger (2018) in their much earlier study on this segment of 267 
pipeline. Ingham & Rodger reported that significant variations in pipe to reference cell potentials 268 
were measured and were observed to become positive during periods of magnetic activity. 269 
Notwithstanding the existence of an earthing bed between RR and the location of the earlier 270 
study, it seems clear that this segment of pipeline remains susceptible to GIC. 271 

As rectifier output data from the other monitoring site on the Bay of Plenty/Gisborne 272 
pipeline, Whatatutu Road (Figure 3),  not available for August 2018, shown in Figure 8 are the 273 
Eyrewell horizontal magnetic fields and the rectifier output voltages for both Waimana Road and 274 
Whatatutu Road for an 8-hour period on 01 September 2019 (storm 8 in Table 1). This 275 
geomagnetic storm reached a KP max of only 6- and was marked by a series of rapid variations 276 
in both horizontal components of the magnetic field (Figure 8 upper two panels). 277 

 Whatatutu Road is located between a series of earthing beds some 25 km to the north-278 
west of Gisborne and shows similar magnitude variations in rectifier voltage as are seen at 279 
Waimana Road, although these show an apparent time lag behind the variations at Waimana 280 
Road. Interestingly, the variations in voltage at Whatatutu Road appear to closely follow the 281 
variations in the northward component of the magnetic field. However, the maxima also occur 282 
when 𝐵௬ is changing most rapidly. Variations at Waimana Road do the opposite - follow, but are 283 

out of phase with, variations in 𝐵௬ but show maxima when 𝐵௫ is changing most rapidly. This 284 

again suggests an effect of the complexity of the orientation of induced electric fields across the 285 
North Island, in this case reflecting the fact that WhR lies on the relatively conductive sediments 286 
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of the Hikurangi Margin along the east coast, but WaR lies close to, or on the more mountainous 287 
(and resistive) spine of the North Island. 288 

Although data from only 2 of the magnetic storms listed in Table 1 are discussed above, 289 
analysis of the rectifier output monitoring data for all the listed storms suggests that the largest 290 
variations in rectifier output voltage occur consistently at Salle Road, Waipu Cove Road and 291 
Raukawa Road. This is illustrated in Table 3 which presents the mean value of the rectifier 292 
output voltage and its standard deviation for the listed time intervals taken for six of the storms 293 
listed in Table 1. These time intervals were selected as they each cover the period during which 294 
the largest fluctuations in the monitoring data were observed. Instances where the standard 295 
deviation exceeds 5% of the mean value are shown in bold in the table. This occurs for all of the 296 
listed storms at Waipu Cove Road and Raukawa Road and for four of the six at Salle Road. For 297 
the largest storm the standard deviation of the output voltage is greater than 55% of the mean 298 
value at Salle Road and Raukawa Road and exceeds the mean value at Waipu Cove Road. 299 
Raukawa Road and Waipu Cove Road are the two locations where, as discussed above, the 300 
rectifier voltage went negative during this storm. The standard deviation is also about 10% of the 301 
mean value at Amriens Road, while it is no larger than about 1% at any of the other sites. The 302 
same relative differences can be observed for the other storms shown in the Table. It is clear that 303 
if the variations in rectifier output voltage are to be taken as an indicator of the impact of GIC 304 
and locations along the pipeline network, then these four sites are by far the most at risk. 305 

It also apparent from the lack of synchroneity of rectifier responses that the complex geological 306 
and tectonic structure of the North Island plays a major role in determining the impact of 307 
geomagnetic activity on the pipeline network. 308 

 3.2 Pipe to reference cell and coupon to reference cell voltages 309 

 Although variations in rectifier output voltage give a good idea of where the impact of 310 
GIC on the pipeline are most significant, the principal guide as to whether a section of pipeline is 311 
protected or not comes, as outlined previously, from the potential between the installed metal 312 
coupon and the Cu/CuSO4 reference cell when the rectifier voltage is turned off. To provide 313 
corrosion protection this “rectifier-off” potential should be between -0.85 V and -1.2 V.  314 
Potentials more positive than -0.85V may allow the pipeline to corrode. Potentials more negative 315 
than -1.2V can produce hydroxyl ions that cause the coating to dis-bond from the pipe. If the 316 
potentials are very negative, free hydrogen can be produced, which can theoretically create 317 
cracks in the pipe steel.  318 

 Unfortunately, data for pipe to reference cell and coupon to reference cell potentials 319 
which are reliable across multiple sites are somewhat limited. The most appropriate example is 320 
for the most recent magnetic storm in Table 1 (storm 10) on 23-24 October 2020. This storm was 321 
only of KP max 5-. The horizontal magnetic field variations measured at EYR over the 20-hour 322 
period from 1500 UT on 23 October to 1100 UT on 24 October are shown in Figure 9. Also 323 
shown for comparison with the variations in rectifier voltage shown in Figure 5 are the resulting 324 
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variations in the rectifier output at Salle Road over this time interval. As can be seen the 325 
magnitude of changes in the rectifier output are only around 1 V, only 10-15% of the size of the 326 
changes seen during the much larger storm shown in Figure 5.  327 

Shown in Figure 10 are the observed variations in the pipe to reference cell potential and 328 
the coupon to reference cell potential at the three monitoring sites to the north of Auckland. The 329 
pipe to reference cell potential variations at Salle Road show the behaviour discussed earlier in 330 
that increases in the rectifier output voltage are simultaneous with decreases in the pipe to 331 
reference cell potential. In other words, as the pipe becomes more negative with respect to 332 
ground the potential difference between the anode bed and the pipe (i.e. the rectifier output 333 
voltage) increases. This is most noticeable for the large decreases in pipe to reference cell 334 
potential at around 0330 and 0900 UT on 24 October (2730 and 3300 on the horizontal scale). 335 
Almost identical, but slightly larger variations are seen at Waipu Cove Road, while much smaller 336 
amplitude changes in pipe to reference cell potential occur at Amriens Road. Note also that, as 337 
for the rectifier output voltage variations, changes in pipe-to reference cell potential at Salle 338 
Road and Waipu Cove Road are in-phase, while those at Amriens Road are out of phase with the 339 
other two sites. 340 

In contrast to the variations in pipe to reference cell potential, those in coupon to 341 
reference cell, while the rectifier is on, are of much lower amplitude. From the point of view of 342 
gauging the sufficiency of cathodic protection it is also clear that at Salle Road the “rectifier-off” 343 
potential is exceptionally stable at around -1.1 V, within the desired 0.35 V range of -0.85 to -1.2 344 
V. At Waipu Cove Road the “rectifier-off” potential is also essentially stable but, in this case, at 345 
much closer to -1.2 V, at the limit of this range. Also of possible concern is the fact that at WCR, 346 
unlike at Salle Road, the “rectifier-on” coupon to reference cell potential varies such that at times 347 
it approaches or, for example at 2100 UT, becomes higher than the “stable” “rectifier-off” level. 348 
Given the relatively minor nature of geomagnetic activity shown in Figure 9 this raises the 349 
question of how the “rectifier-off” coupon to reference cell potential at WCR would behave in a 350 
much larger storm such as that shown in Figure 5. When the rectifier output voltage becomes 351 
very small, or even becomes negative, it suggests a situation where the “rectifier-off” coupon to 352 
reference cell potential may rise well above the desired maximum value of -0.85 V, or even in 353 
the worst-case scenario become positive. How negative the “rectifier-off” potentials come when 354 
there is a large increase in rectifier output is also of interest. Similar concerns exist for Amriens 355 
Road where the interval at which the rectifier is turned off is much longer, yet there are signs that 356 
the “rectifier-on” coupon potential may at times approach the stable “rectifier-off” value. 357 

 The only other two sites with comparable pipe and coupon to reference cell data are 358 
Waimana Road and Whatatutu Road on the Bay of Plenty/Gisborne segment of the pipeline. The 359 
data from these two sites for the same time period are shown in Figure 11. In both cases the 360 
variations in both pipe to reference cell and coupon to reference cell potentials are small and the 361 
“rectifier-off” values for the coupon to reference cell potential are stable and within the CP 362 
range. 363 



manuscript submitted to Space Weather 

 

4 Orientation of induced electric fields and pipeline response 364 

Theoretical calculations of the response of a pipeline to geomagnetic activity are based 365 
on the premise that GIC result from electric fields induced in the ground in an orientation parallel 366 
to that of the pipeline (Pulkkinnen et al., 2001b; Boteler, 2000, 2013). However, the resulting 367 
effect also depends on changes in direction of and branches in the pipeline, as well as variations 368 
in the conductance of the insulating coating. As can be seen from Figure 3 the New Zealand 369 
pipeline network has not only a relatively complex topology, including many small branches, but 370 
also has coatings of differing types and conductances on different segments. 371 

Shown in Figure 12 is a simplified geological map of the North Island of New Zealand 372 
and it is apparent from this that the North Island pipeline network crosses several significant 373 
geological boundaries. As has been pointed out by Ingham & Rodger (2018) studies of the 374 
pipeline in Canada by Boteler et al. (2003) and Fernberg et al. (2007) showed that the largest 375 
variations in pipe to soil potential occurred where the pipeline crossed major terrane boundaries 376 
across which induced electric fields may vary significantly in both magnitude and direction. 377 

A combination of a complex network topology which has varying physical properties and 378 
the existence of major geological boundaries may mean that GIC effects observed on the pipeline 379 
at one location may in fact be driven by induced fields some significant distance away. This may 380 
be particularly true for the Bay of Plenty line which leaves the main south-north pipeline to the 381 
south of Hamilton and then crosses both the Central Volcanic Region, where shallow electrical 382 
conductivity is generally quite high, the highly resistive greywacke of the Main Range, and then 383 
the conductive sediments of the Hikurangi Margin along the east coast. Crossing the Main 384 
Ranges at its narrowest point, the Hawkes Bay line generally lies in sediments along most of its 385 
length. Changes in the insulating coating of the pipe may also be an important factor with the 386 
main Wellington-New Plymouth-Auckland line having a coal tar coating while the Northland, 387 
Bay of Plenty/Gisborne and Hawkes Bay lines have more modern coatings with lower 388 
conductance. 389 

In principle, the existence of magnetotelluric (MT) impedance data at a sufficient number 390 
of locations should allow the electric field at each location to be calculated for any magnetic field 391 
orientation, and using the magnetic field spectra for a given magnetic storm, also allow the time 392 
variation in the electric fields to be calculated. This would allow the distribution of electric 393 
fields, both in magnitude and orientation, to be correlated with the pipeline monitoring data and 394 
allow identification of specific parts of the pipeline where both the largest fields occur and where 395 
the fields are parallel to the local pipeline orientation. At present, MT data in the North Island of 396 
New Zealand are largely along the Hikurangi Margin and around the Central Volcanic Region 397 
with only a few sites outside these regions. However, shown in Figure 13 is an example of the 398 
type of analysis which may elucidate weaknesses in the pipeline network as more MT data are 399 
collected. 400 

Shown on the map in the centre of Figure 13 are the MT-determined electric field arrows 401 
showing the magnitude and orientation of the field at 0745 UT on 26 August 2018. The electric 402 
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fields are calculated from the MT impedance tensor at each site using the magnetic field 403 
variation as recorded at the Eyrewell geomagnetic observatory under the assumption that these 404 
are representative of magnetic field variations across New Zealand. As the top panel on the left 405 
side of the Figure shows, 0745 UT is the time at which the variation in the 𝐵௫ component of the 406 
magnetic field measured at EYR reached its extreme value. Also shown are the rectifier output 407 
voltages at 5 of the monitoring sites. As can be seen, at this instant of time the orientation of the 408 
electric fields varied considerable from location to location. Although orientations were 409 
generally in a west to north-west direction along the southern part of the Hikurangi Margin (HM) 410 
and down the Main Ranges across to Taranaki, in the northern part of the HM fields were 411 
oriented more northerly, and in the Central Volcanic Region (CVR) tended west to south-west. 412 
There was also considerable variation in magnitude with fields of only ~ 50 mV/km on the HM 413 
and in the CVR, but much larger fields of several 100’s mV/km elsewhere. Looking at specific 414 
locations it is also apparent that close to Raukawa Road, where the rectifier response was close 415 
to its maximum, the orientation of the small fields was close to perpendicular to the pipeline 416 
rather than parallel to it. This is essentially in agreement with the finding by Ingham & Rodger 417 
(2018) in their study. In contrast, electric fields close to Tumunui Block were significantly larger 418 
and oriented obliquely to the local pipeline orientation. These differences in orientation relative 419 
to the pipeline make it clear that the rectifier responses at these monitoring sites is almost 420 
certainly driven by the cumulative effect of electric fields across the entire pipeline network and 421 
not by purely local fields. 422 

5 Discussion and summary 423 

 5.1 Summary of monitoring data 424 

As indicated above, and shown in Table 3, analysis of the monitoring data for all the 425 
magnetic storms listed in Table 1 suggests that, of the monitoring sites studied, Salle Road, 426 
Waipu Cove Road and Raukawa Road are the sites most susceptible to the effects of GIC. 427 
Similarly, although recent coupon to reference cell data when the rectifier is off suggests that the 428 
pipeline at the three northern sites is suitably protected during minor geomagnetic activity, the 429 
observed occurrence of much larger variations in rectifier output voltage during larger magnetic 430 
storms (e.g. Figure 5) suggests that variations in CP potential may occur during these events. 431 
Further study is therefore desirable as during such an occurrence pipe to reference cell potentials 432 
may become positive, and coupon to reference cell potentials may rise above the desired 433 
maximum of -0.85 V. As the Auckland to Whangarei section of pipe predominantly runs south-434 
north up the Northland peninsula it can be assumed that local electric fields induced by varying 435 
magnetic fields may be strongly polarized due to the influence of the coastlines to the east and 436 
west. However, there has to date been no direct measurement of induced electric fields and no 437 
magnetotelluric (MT) impedance data, which might be used to elucidate the orientation of 438 
induced fields, is available. Measurement of local induced electric fields along this section of 439 
pipeline is therefore a priority, and is now being planned for. 440 
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Analysis of the Bay of Plenty/Gisborne section of pipeline suggests that there are only 441 
small variations in rectifier output voltage and that “rectifier-off” coupon to reference cell 442 
potentials appear stable and in the appropriate range. It remains to be seen if this remains the 443 
case as geomagnetic activity increases during the rising part of Solar Cycle 25. 444 

 Given the lack of pipe or coupon to reference cell monitoring, the large rectifier output 445 
variations at Raukawa Road are a possible concern and suggest that detailed field measurements 446 
should be considered. It was also noted earlier that the study reported by Ingham & Rodger 447 
(2018) also indicated large variations in pipe to soil potential along the Hawkes Bay section of 448 
pipeline, the driving factor for which remains unknown. 449 

 5.2 Consideration of the Auckland to Wellington pipeline section 450 

 Thus far, variations at CP monitoring sites on the main part of the pipeline network 451 
between Wellington and Auckland have not been studied. This section of the pipeline runs 452 
largely adjacent to the coast and, as is common in a coastal environment, it is likely that during 453 
magnetic activity significant variations may occur in the horizontal component of the magnetic 454 
field which is perpendicular to the local coastline. This is essentially a result of the well 455 
documented “coast effect” long noted in studies of electromagnetic induction in the Earth (e.g. 456 
Parkinson, 1962; Parkinson & Jones, 1975; Fischer, 1979) and recently discussed in terms of its 457 
effect on GIC in power networks by Liu et al. (2018). As such variations are likely to induce 458 
electric fields perpendicular to the predominant magnetic field variations, these are likely to be 459 
parallel to the pipeline, giving the possibility that GIC effects on this lengthy section of pipe 460 
cannot be discounted. Additionally, the south-north section of pipeline to the south-east of New 461 
Plymouth runs very close, and parallel, to the Taranaki Fault which marks a zone of high 462 
electrical conductivity likely to channel currents (Stagpoole et al., 2009). As a precautionary 463 
approach, field measurements at two or three locations on this major pipeline section are 464 
desirable. 465 

 5.3 Space Weather, GIC, and pipeline coating disbanding 466 

 Much previous discussion of the effects of GIC on pipelines has centred on the possibility 467 
of corrosion if there is a defect in pipeline coating and geomagnetic activity causing the pipe to 468 
become positive with respect to ground. There has been little, if any, attention paid to the issue of 469 
disbonding of the pipe from its protective, insulating, coating. A simplified explanation is given 470 
by Larsen (2020), who quotes Wong (2015). In general pipeline coatings have a sufficiently high 471 
resistance that little current resulting from the application of cathodic protection actually passes 472 
through the coating on to the pipe. In the event of a defect in the coating (a “holiday” in industry 473 
terminology) the pipe is exposed in a limited way to the surrounding environment and current 474 
will reach the pipe through the defect. In this situation hydroxyl ions are produced by reactions at 475 
the surface of the pipe: 476 

½ O2 +  H2O + 2e-  →  2 OH- 477 

2H2O + 2e-  →  H2  + 2 OH- 478 
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and can lead to the loss of adhesion between the pipe and the coating. The possibility for 479 
disbonding is increased if the coating is partly permeable to water and air, and if geomagnetic 480 
activity decreases the CP potential of the pipe such that the current on to the pipe increases. Once 481 
disbonding occurs the influx of water into the gap between pipe and coating exacerbates the 482 
situation. Breakdown of the coating then leads to increased risk of corrosion.  483 

 Also of concern is that hydrogen is produced at the pipe surface at pipe to soil potentials 484 
at or more negative than approximately -1.2V.  In some circumstances this can cause elemental 485 
hydrogen to infiltrate pipeline steel, and may lead to hydrogen induced cracking of pipe steel 486 
(Cazenave et al., 2021). 487 

 In consequence, investigation of the effects of GIC on pipelines needs to consider not just 488 
the possibility of the pipe becoming more positive than -0.85V with respect to ground, but also 489 
becoming more negative than -1.2V with respect to ground.  490 

 As noted above, Space Weather researchers have traditionally considered the risk of 491 
enhanced corrosion in pipelines, while the disbonding and hydrogen induced cracking risks 492 
described above has not been widely recognized in the research community. In our 493 
communications about Space Weather hazards with First Gas CP engineering staff, it is clear that 494 
they consider the hazard posed by disbonding to be of similar importance as issues around 495 
potentially enhanced corrosion. We suggest that this is an important issue to draw to the attention 496 
of the wider Space Weather research community. In the context of the present study only data 497 
from the period between solar cycles 24 and 25 have been used and study of data from larger 498 
geomagnetic storms during cycle 25 will be beneficial in assessing the risk of disbanding. 499 
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Figure captions 657 

Figure 1: Schematic representation of CP monitoring station allowing measurement of “rectifier-658 
off” potential between a metal coupon and a reference cell (after Gummow, 2002).  659 

Figure 2: An example of CP monitoring data for a single day (1 September 2019) during which 660 
there was minor geomagnetic activity. 661 

Figure 3: The First Gas pipeline network in the North Island of New Zealand. Red lines – 662 
pipelines coated with coal tar enamel; blue lines – pipelines with other, lower conductance, 663 
coatings; red dots – rectifier locations; grey dots – earthing electrodes; black dots – major 664 
cities/towns. Rectifier locations with CP monitoring  which are discussed in this paper are 665 
named. 666 

Figure 4: Variations in horizontal magnetic fields at EYR geomagnetic observatory during a 4-667 
hour period from 0600 – 1000 UT on 26-08-2018. 668 

Figure 5: Variations in rectifier output voltage over a 4-hour period from 0600 – 1000 UT on 26-669 
08-2018 at the CP monitoring sites north of Auckland: Salle Road (SR), Waipu Cove Road 670 
(WCR), Amriens Road (AR). Locations are shown in Figure 3. 671 

Figure 6: Variations in rectifier output voltage over a 4-hour period from 0600 – 1000 UT on 26-672 
08-2018 at the CP monitoring sites along the Bay of Plenty section of pipeline: Jack Henry Road 673 
(JHR), Tumunui Block (TB), Okaro Road (OR), Waimana Road (WaR). Locations are shown in 674 
Figure 3.  675 

Figure 7: Variations in rectifier output voltage over a 4-hour period from 0600 - 1000 on 26-08-676 
2018 at the CP monitoring sites along the Hawkes Bay section of pipeline: Watershed Road 677 
(WtR), Raukawa Road (RR). Locations are shown in Figure 3.  678 

Figure 8: Variations in in horizontal magnetic fields at EYR geomagnetic observatory and 679 
rectifier output voltages at Waimana Road (WaR) and Whatatutu Road (WhR) during an 8-hour 680 
period from 0600 - 1400 on 01-09-2019. 681 

Figure 9: Variations in horizontal magnetic fields at EYR geomagnetic observatory during a 20-682 
hour period from 1500 UT on 23-10-2020 to 1100 UT on 24-10-2020. The horizontal axis is 683 
marked as hours from 0000 UT 23-10-2020. Also shown is the variation in rectifier output 684 
voltage at Salle Road over this time interval. 685 

Figure 10: Variations in pipe to reference cell potential (left column) and coupon to reference 686 
cell potential (right column) at Salle Road (SR), Waipu Cove Road (WCR) and Amriens Road 687 
(AR) over the 20-hour period from 1500 UT on 23-10-2020 to 1100 UT on 24-10-2020. The 688 
horizontal axis is marked as hours from 0000 UT 23-10-2020.  689 

Figure 11: Variations in pipe to reference cell potential (left column) and coupon to reference 690 
cell potential (right column) at Waimana Road (WaR), and Whatatutu Road (WhR) over the 20-691 
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hour period from 1500 UT on 23-10-2020 to 1100 UT on 24-10-2020. The horizontal axis is 692 
marked as hours from 0000 UT 23-10-2020.  693 

Figure 12: Simplified geological map of the North Island of New Zealand. 694 

Figure 13: Electric field orientations and magnitudes at 0745 UT on 28 August 2018 calculated 695 
from magnetotelluric (MT) impedance data. Also shown are the time variations in the magnetic 696 
field measured at EYR and the rectifier output voltage at 5 monitoring sites. The dashed 697 
horizontal lines on the rectifier output plots show the average value of the output over that day. 698 
The vertical red lines marking 0745 UT clearly show the shift in phase of the CP response at 699 
different monitoring sites. 700 

 701 
Table captions 702 

Table 1: Time periods around magnetic storms in 2017-2020 for which CP monitoring data have 703 
been studied in the current work. 704 

Table 2: CP monitoring data availability for each of the 10 time periods listed in Table 1. R – 705 
rectifier voltage and current, P – pipe to reference cell potential, C – coupon to reference cell 706 
potential. Locations are shown in Figure 3. 707 

Table 3: Mean values and standard deviations of variations in rectifier output voltage at all 708 
monitoring sites during specified time intervals of 6 of the storms listed in Table 1. Figures 709 
shown in bold represent occasions when the standard deviation of the variations exceeded 5% of 710 
the mean value. 711 

 712 



Figure 1.





Figure 2.





Figure 3.





Figure 4.





Figure 5.





Figure 6.





Figure 7.





Figure 8.





Figure 9.





Figure 10.





Figure 11.





Figure 12.





Figure 13.





Storm Date KP max 
1 2300 UT 06/11/2017 – 2300 UT 08/11/2017 6+ 

2 1200 UT 25/08/2018 – 1200 UT 27/08/2018 7+ 

3 1200 UT 10/09/2018 – 1200 UT 12/09/2018 6 

4 1100 UT 04/11/2018 – 1100 UT 07/11/2018 6- 

5 0000 UT 31/01/2019 – 1200 UT 01/02/2019 5+ 

6 1200 UT 13/05/2019 – 1200 UT 15/05/2019 6+ 

7 1200 UT 04/08/2019 – 1200 UT 06/08/2019 5+ 

8 1200 UT 30/08/2019 – 1200 UT 02/09/2019 6- 

9 1200 UT 23/09/2020 – 1200 UT 29/09/2020 6- 

10 1200 UT 23/10/2020 – 1200 UT 24/10/2020 5- 

Table 1: Time periods around magnetic storms in 2017-2020 for which CP monitoring data 
have been studied in the current work. 

 



Site/Storm 1 2 3 4 5 6 7 8 9 10 

Salle Rd R RPC RPC RPC RPC RPC RPC RPC RP RPC 

Waipu Cove 
Rd 

R R R R R R R RPC RP RPC 

Amriens Rd R R R  R R R R RPC RPC 

Jack Henry Rd - R R R R R R R R R 

Tumunui Block RP RP RP RP - RP RP RP - - 

Okaro Rd - R R - R R R R R R 

Waimana Rd R R R RPC RPC RPC RPC RPC RPC RPC 

Whatatutu Rd - - - RPC RPC RPC RPC RPC RPC RPC 

Watershed Rd R R R R R R R R R R 

Raukawa Rd R R R R R R R R R R 

Table 2: CP monitoring data availability for each of the 10 time periods listed in Table 1. R 
– rectifier voltage and current, P – pipe to reference cell potential, C – coupon to reference 
cell potential. Locations are shown in Figure 3. 

 



 

Table 3: Mean values and standard deviations of variations in rectifier output voltage at all 
monitoring sites during specified time intervals of 6 of the storms listed in Table 1. Figures shown 
in bold represent occasions when the standard deviation of the variations exceeded 5% of the mean 

l

  0300-1800 UT 
07/11/2017 

0600-1200 UT 
26/08/2018 

0300-1200 UT 
11/09/2018 

0300-1100 UT 
05/11/2018 

0300-1000 UT 
14/05/2019 

0000-1200 UT 
24/09/2020 

KP max  6+ 7+ 6 6- 6+ 6- 

Salle Rd 
Mean  3.071 3.484 3.337 3.523 3.295 4.014 

SD  0.106 2.179 0.351 0.342 0.438 0.123 

Waipu Cove Rd 
Mean  2.315 2.379 2.223 2.406 1.967 2.529 

SD  0.164 3.182 0.436 0.402 0.577 0.140 

Amriens Rd 
Mean  4.571 4.406 4.529 4.459 4.646 4.194 

SD  0.021 0.427 0.053 0.043 0.066 0.021 

Jack Henry Rd 
Mean  - - 34.52 - 44.11 41.48 

SD  - - - - - 0.055 

Tumunui Bl 
Mean  8.033 7.145 6.708 7.107 7.742 - 

SD  0.002 0.038 0.002 0.002 0.006 - 

Okaro Rd 
Mean  - 2.485 2.154 2.116 2.852 2.511 

SD  - 0.031 0.001 0.002 0.006 0.010 

Waimana Rd 
Mean  5.835 5.473 5.337 4.808 3.724 1.713 

SD  0.008 0.207 0.004 0.005 0.027 0.012 

Whatatutu Rd 
Mean  - - - 2.879 2.773 2.415 

SD  - - - 0.006 0.019 0.004 

Watershed Rd 
Mean  5.054 5.035 5.071 5.044 5.069 5.125 

SD  0.005 0.051 0.007 0.006 0.015 0.003 

Raukawa Rd 
Mean  3.242 3.252 3.255 3.386 3.328 3.500 

SD  0.177 1.900 0.363 0.333 0.552 0.190 
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