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Abstract –Geomagnetic storms generate heightened magnetovariational activity, which induces electric
fields that drive hazardous currents known as geomagnetically induced currents (GICs) through man-
made technological conductors including power transmission lines, railway networks and gas pipelines.
We multiply magnetotelluric (MT) impedances from 23 sites in Scotland and northern England with
measured geomagnetic field spectra from the Halloween 2003 and September 2017 storms to estimate
maximum peak-to-peak, electric field magnitudes and directions for these storms, which we present as haz-
ard maps. By sampling these electric fields in the direction of the longest (>50 km), high-voltage (275 and
400 kV) Scottish power transmission lines and integrating along their lengths, we estimate their associated
transmission-line voltages. Lateral electrical conductivity variations in the Earth generate horizontal
magnetic field gradients. We investigate the effect of these gradients on electric field estimates obtained
using remote magnetic fields by applying a correction to the impedance tensor derived from the magnetic
perturbation tensor between the local MT site and the remote magnetic field site. For the September 2017
storm, we also compare our estimated electric fields with a unique dataset comprising measured storm-time
electric fields from 7 MT sites. We find that peak-to-peak, electric field magnitudes may have reached
13 V/km during the Halloween storm in some areas of the Scottish Highlands, with line-averaged electric
fields >5 V/km sustained along a number of long-distance, high-voltage power transmission lines; line-
averaged electric fields for the September 2017 storm are 1 V/km or less. Our surface electric fields show
significant site-to-site variability that arises due to Earth’s internal 3D electrical conductivity structure,
as characterised by the MT impedance tensors.
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1 Introduction

A bit like Jekyll and Hyde (Stevenson, 1886), the Sun exerts
both benign and malevolent influences on our society, providing
nurturing warmth and light on the one hand and cancer-causing
UV rays and magnetic disturbances that threaten our technolog-
ical infrastructure (e.g., Boteler, 2003; Cannon et al., 2013) on
the other. Large magnetic storms are observed on Earth
following coronal mass ejections (CME), which expel high-
velocity charged particles (called plasma) that carry strong
magnetic flux, increasing solar-wind pressure and magnetic field
intensity and driving rapidly-varying electric currents in Earth’s

ionosphere (Chapman & Ferraro, 1931). These external electro-
magnetic source fields induce electric fields in the Earth, the
magnitudes and polarisations of which depend on Earth’s
internal, multi-dimensional electrical conductivity structure
(e.g., Simpson & Bahr, 2005). These induced electric fields,
in turn, give rise to quasi-dc currents known as “geomagneti-
cally induced currents” (GICs) in man-made technological
conductors (e.g., Kelbert, 2019 and references therein). GICs
induced during the largest magnetic storm on record – the
Carrington event of 1859 (Hodgson, 1859; Carrington, 1860;
Tsurutani et al., 2003; Cliver & Svalgaard, 2004) – caused
widespread disruption of the telegraph communication network.
Subsequent large magnetic storms in March 1989 and
around Halloween 2003 tripped relays leading to large-scale,*Corresponding author: f.simpson@soton.ac.uk
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economically-damaging power outages in Québec, Canada
(Boteler, 1994; Bolduc, 2002) and Malmö, Sweden (Pulkkinen
et al., 2005), respectively.

In the UK, our embracement of green energy in the form of
offshore windfarms is arguably exposing our power networks to
greater risks from magnetic storms, since induced voltages are
directly proportional to the distances over which induced elec-
tric fields are integrated and our dependence on long-distance,
high-voltage, power transmission lines is increasing (OECD,
2018). Railways and gas pipelines also form conductive
networks that are affected by geomagnetic storms (Gummow
& Eng, 2002; Viljanen et al., 2006; Krausmann et al., 2015).

Similar to the fluctuations in the prices of stocks and shares
traded on the stock market, extreme fluctuations in magnetic
field intensity are governed by non-stationary processes. There-
fore, our knowledge concerning the maximum-likely intensity
of a future extreme magnetic event is limited. The Halloween
2003 (28th–31st October 2003) magnetic storm was registered
as an extreme space weather event in Scotland, with GICs of
42 A recorded in the Scottish power grid at Strathaven, which
have been associated with localised, surface electric fields of
up to 5 V/km based on 3D thin-sheet modelling (Thomson
et al., 2005).

Time derivatives of horizontally-polarised, storm-time mag-
netic fields (oB/dt) are sometimes used as proxies for electric
fields that drive GICs (e.g., Pulkkinen et al., 2006). However,
differences in scaling factors between in-situ measurements of
oB/dt and electric fields at 7 sites (ACH, ELC, CAI, LEA,
RAN, MAR, TAN, Fig. 1) during the September 2017 storm
(Simpson & Bahr, 2020a) have demonstrated that oB/dt is no
substitute for in-situ measurements of the electric field that
better constrain local, multi-dimensional heterogeneity of the
subsurface electrical conductivity structure. This multi-
dimensionality can be described by bi-variate transfer functions
(impedance tensors and perturbation tensors) between simulta-
neously recorded electric and magnetic fields (e.g., Simpson
& Bahr, 2005) that can be considered stationary in stable
tectonic environments (e.g., Hanekop & Simpson, 2006).
Sources of three-dimensionality and strongly-polarised two-
dimensionality in Scotland and northern England include
(i) the coastline, which presents a transition between resistive
rock (>1000 Xm) and conductive seawater (0.25 Xm);
(ii) near-surface resistive (>1000 Xm) granite batholiths flanked
by conductive (<100 Xm) sedimentary basins (Simpson &
Warner, 1998); (iii) major NW–SE trending fault systems
(Fig. 1) – including the Great Glen Fault (Kennedy, 1946),
Highland Boundary Fault (Tanner, 2008) and Southern Uplands
Fault (Oliver et al., 2002) – associated with plate collision and
closure of the Iapetus Ocean during the Caledonian orogeny;
(iv) NE–SW trending mountain ranges also related to the
Caledonian orogeny and (v) a zone of mid-crustal conductivity
(Hutton et al., 1977; Simpson & Warner, 1998) that is a com-
mon feature of stable tectonic regions (Simpson, 1999). Electri-
cal conductivities are known to vary by several orders of
magnitude across tectonic boundaries of the type present in
Scotland, due for example to saline fluids, graphite and other
minerals in fault zones (e.g., Simpson, 2000), with space
weather studies conducted in the US demonstrating their first-
order importance in influencing the electric fields that drive
GICs (e.g., Lucas et al., 2020). Further, although estimation
of transmission-line voltages involves integration and, therefore

averaging, of electric fields, significant variability associated
with 3D Earth conductivities can be expected to persist in
electrically complex environments compared to the 1D case
(e.g., Lucas et al., 2018).

To date, only ocean bathymetry and near-surface (<5 km)
conductivity variations have been extensively considered in
studies of the hazards associated with magnetic storms in the
UK (e.g., Beamish et al., 2002; Ivannikova et al., 2018). When,
as in these models, a near surface model of ocean bathymetry is
underlain by unrealistically high 1D electrical resistivities, the
coast effect is artificially amplified. Simpson & Bahr (2020a)
have used 3D modelling (Siripunvaraporn et al., 2005) to
demonstrate that the coast effect is minimal for long-period
magnetotelluric (MT) sites in central Scotland, whereas the elec-
trical resistivity of the underlying deep crust and mantle exerts a
first-order influence on the induced electric fields.

Here, we use impedance and perturbation tensors derived
from long-period MT array data (Fig. 1) collected by the authors
between 2017 and 2018 and geomagnetic observatory data from
a time-period spanning the Halloween 2003 magnetic storm to
generate hazard maps for Scotland. These impedance and
perturbation tensors characterise the Earth’s 3D electrical con-
ductivity structure and allow its effects on storm-time electric
fields to be investigated. We consider the effect of the storm-
time magnetic source fields on our results by extending our
analysis to the September 2017 storm, which we recorded at
7 of our MT sites (Simpson & Bahr, 2020a, 2020b).

2 Methods

2.1 Electric fields

We multiplied MT impedance and magnetic perturbation
tensors derived from 23 MT sites (Fig. 1) in Scotland and north-
ern England with magnetic field spectra derived from time
series measured at ESK geomagnetic observatory to model
the electric fields associated with the Halloween 2003 magnetic
storm in this region. The impedance tensors, Zij, were processed
(e.g., Egbert & Booker, 1986; Simpson & Bahr, 2005) from
discrete windows of electromagnetic time series recorded over
several months between 2017 and 2018 according to the stan-
dard, plane-wave formulation (e.g., Simpson & Bahr, 2005):

Ex xð Þ
Ey xð Þ

� �
¼ Zxx xð Þ Zxy xð Þ

Zyx xð Þ Zyy xð Þ
� �

Bx xð Þl0

By xð Þl0

� �
ð1Þ

where E denotes electric field, B denotes magnetic field, x is
angular frequency and subscripts “x” and “y” denote north-
south and east-west polarised fields, respectively. Long-term
stability of the electric fields used to compute the MT impe-
dances was ensured by using non-polarisable silver-silver
chloride electrodes (Filloux, 1987; Simpson & Bahr, 2005)
buried to depths >50 cm. Magnetic fields were measured
using low-noise (Magson/Bartington) fluxgate magnetome-
ters. Recording durations were 3 months or more at all sites.
The long recording durations coupled with remote site loca-
tions ensured high-quality impedance tensors in the period
range 10–30,000 s, with errors in the impedance tensor com-
ponents of less than 1% for periods up to 1000 s and less than
3% at longer periods. The diffusive nature of electromagnetic
fields means that the 2�2 impedance tensor obtained for each
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sounding period characterises a volume of Earth, whose size
depends on the frequency of the transfer function and the
electrical conductivities sampled. Therefore, instruments do
not need to be placed in the direct vicinity of electromagnet-
ically noisy, high-voltage power lines in order to sample the
deep Earth below them.

Multi-dimensional electrical conductivity anomalies also
give rise to horizontal magnetic gradients, which can be quanti-
fied in terms of the horizontal magnetic perturbation tensor Wij
(Schmucker, 1973; Simpson & Bahr, 2005):

BLx xð Þ
BLy xð Þ

� �
� BOx xð Þ

BOy xð Þ
� �

¼ wxx xð Þ wxy xð Þ
wyx xð Þ wyy xð Þ

� �
BOx xð Þ
BOy xð Þ

� �

ð2Þ
where subscripts “L” and “O” denote fields measured at a
local measurement site and a simultaneously-recording refer-
ence or observatory site, respectively.

Studies involving Wij are often referred to as “geomagnetic
depth sounding” (GDS). In regions with significant horizontal
magnetic gradients, errors may arise if magnetic fields from
regional magnetic observatories are used to estimate local,
storm-time electric fields. However, knowing Wij from GDS,
horizontal magnetic gradients can be corrected for by multiply-
ing the measured MT impedances by a correction factor that is
derived from equations (1) and (2). From equation (2), we have:

BL ¼ WBO þ BO ¼ W þ 1ð ÞBO: ð3Þ

From equation (1), we have:

EL ¼ ZLBL=l0: ð4Þ

Combining equations (3) and (4) yields:

EL ¼ ZL W þ 1ð ÞBO=l0: ð5Þ
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Fig. 1. Locations (red stars) and names of 23 MT sites installed in Scotland and northern England during 2017 and 2018. Pink triangle marks
the position of ESK geomagnetic observatory. Purple and white lines are the longest (>50 km) 12 high-voltage – 275 kV and 400 kV,
respectively – transmission lines in the region (Viljanen et al., 2013; Kelly et al., 2017). Dashed lines delineate the Great Glen Fault (Kennedy,
1946), Highland Boundary Fault (Tanner, 2008) and Southern Uplands Fault (Oliver et al., 2002). The highest topography is located between
sites CAI and MAR. This region is referred to as the Cairngorms.
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Therefore, the correction factor that is required by the
substitution of the observatory magnetic field for the locally
measured magnetic field is Wij + 1 (Simpson & Bahr, 2020a).
We will refer to impedances to which this correction factor
has been applied as “modified impedances”, Z 0

ij.
During magnetic storms, electromagnetic source fields

deviate from plane waves, which could be a source of error for
our technique. However, we have validated our technique against
data recorded at 7 sites in Scotland during the September 2017
magnetic storm (Simpson & Bahr, 2020b) and shown that we
were able to acceptably recover the observed electric fields from
measured magnetic fields, impedance and perturbation tensors
(Simpson & Bahr, 2020a). Frequency-domain multiplication or
convolution techniques (see, also Kelbert et al., 2017) of estimat-
ing electric fields require fewer assumptions, utilisemore realistic
source fields and are potentially more robust than modelling
methods that rely on plane-wave or line currents to generate syn-
thetic magnetic source fields combined with thin-sheet electrical
conductivity models (e.g., Beamish et al., 2002). In the presence
of strong, lateral, electrical conductivity gradients, the inclusion
of our perturbation-tensor correction will further improve the
accuracy of electric field estimates compared to interpolating
geomagnetic observatory data over large regions without correct-
ing for the use of a non-local magnetic source field.

The electric field spectra were Fourier transformed back to
the time domain in order to determine the expected electric field
time series at each site within the MT array before, during and
after the Halloween 2003 storm. This enabled estimation of the

maximum peak-to-peak electric fields in V/km at different
positions within the MT array. We use peak-to-peak electric
field magnitudes rather than absolute magnitudes, because we
are primarily interested in relative spatial differences and there
is no consistent defined baseline for different sites and polarisa-
tions. Geoelectromagnetic fields have inherent DC offsets. The
magnetic main field generates a DC offset of approximately
30,000 nT compared to magnetovariational fluctuations of
0.1–50 nT. Meanwhile, the electric field offset is site- and
polarisation-dependent and can be 10–50 times larger than the
electric variational field – a phenomenon referred to as the
“geobattery” (Bigalke & Grabner, 1997). These DC shifts are
either compensated for by applying a constant voltage during
recording (see Simpson & Bahr, 2005) to enable higher resolu-
tion of the variational field by a 16-bit A/D converter or fully
sampled when a 24-bit A/D converter is used. From the latter
case, we know that there is no spatial correlation between the
DC offsets of the electric field at different sites. Therefore, maps
of absolute electric field values would be dominated by the spa-
tial variation of these DC offsets and joint consideration of dif-
ferent electric field polarisations to obtain electric-field
components in any specific direction along transmission lines
would be unviable. Further, estimation of MT impedance
tensors involves Fourier transforming electromagnetic time
series into the frequency domain. As the DC component repre-
sents a signal with a frequency of 0 Hz, it cannot be retrieved
following Fourier transform. So, electric fields computed from
MT impedance tensors contain no information about the

Re{W }ij
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Fig. 2. Horizontal real components of the perturbation tensor, Wij, at periods of 128 s and 1024 s interpolated using bicubic splines (Smith &
Wessel, 1990). Stars indicate MT measurement sites.
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absolute baseline of the original fields from which they were
computed – i.e., in reality, these fields do not fluctuate about
zero, but rather about an unknown level that incorporates a
DC shift. This phenomenon should not be confused with site-
dependent static shifts of MT impedances (e.g., Simpson &
Bahr, 2005), which are caused by DC amplification of the
amplitudes of electric field variations, rather than by DC shift
of the baseline (Bigalke & Grabner, 1997) about which they
fluctuate. This DC offset of the baseline is a non-trivial problem
for GIC modelling (in which the DC offset has been neglected)
as it could affect the assumed polarity and absolute magnitudes
of electric fields input to network models.

The external magnetic fields that induce electric fields
within the Earth during different magnetic storms have different
dominant frequency compositions and polarisations. Therefore,
the form of the electric fields obtained through frequency-
domain multiplication of storm-time magnetic field data with
impedance tensors will differ for different storms. To investigate
this effect, we performed a similar estimation of the maximum
peak-to-peak electric field amplitudes for the September 2017
storm using storm-time magnetic data (Simpson & Bahr,
2020b) measured at RAN (Fig. 1) during our MT fieldwork.

2.2 Transmission-line voltages

We model the coupling between the amplitudes and polari-
sations of storm-time electric fields and transmission-line

geometry. The voltages arising in individual high-voltage trans-
mission lines are obtained by integrating the surface electric
fields in the direction of the individual line over its length. In
practice, we interpolated the electric fields obtained at our MT
sites using natural bicubic splines (Smith & Wessel, 1990) and
extracted north-south (Ex) and east-west (Ey) polarised values
at 50 m intervals along 12 transmission lines with lengths
exceeding 50 km (Fig. 1) to derive line-averaged Ex and Ey elec-
tric fields by summing and dividing by the number of values
obtained. We then used simple trigonometry to calculate the
mean-average field in the direction of each line and multiplied
this by the length of the line to estimate the storm-related voltage
through it. GICs at any point within an electric-power network
depend on the line voltages within the entire network. This
requires knowledge of grounding resistances and voltages and
transmission-line resistances. This is an engineering problem
with many assumptions required about power-system configura-
tion and dynamics. Here, we confine ourselves to the geophysi-
cal aspects of the problem and calculate only line-average
electric fields and transmission-line voltages, not GICs.

3 Results

3.1 Horizontal magnetic gradients and MT impedances

Horizontal magnetic gradients (perturbation tensors,Wij) for
Scotland and northern England relative to ESK geomagnetic
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observatory are shown in Figure 2 for two representative
sounding periods a decade apart. Regions contoured in yellow
have negligible magnetic field gradients relative to ESK; regions
contoured in green and orange indicate small negative or
positive anomalies, respectively. The most prominent GDS
anomaly occurs around site LAD (Fig. 1), where the horizontal
magnetic field strength for the wxy component (Fig. 2) is
approximately 1.5 times greater than at the reference station,
ESK. Small anomalies are also evident in the environs of sites
ACY and CAL (Fig. 1), which lie north of the city of Glasgow.

Maps of contoured impedances, Zij, and modified impe-
dances, Z 0

ij, are presented in Figures 3 and 4, respectively, for
the same two representative periods (128 s and 1024 s) as the
perturbation tensors,Wij, presented in Figure 2. There are small,
but discernible differences between Zij and Z 0

ij. These are inves-
tigated further in Figure 5, where we display the relative per-
centage differences between the off-diagonal moduli of Zij
and Z 0

ij:

�Z ij ¼
Z ij

�� �� � Z 0
ij

��� ���
Z ij

�� �� � 100: ð6Þ

The largest relative differences are seen at LEA for north–south
polarised electric fields (DZxy) and at RAN for east–west
polarised fields (DZyx).

3.2 Maximum electric field magnitudes during
Halloween 2003 storm

Maximum peak-to-peak electric fields associated with the
Halloween 2003 magnetic storm occur at 21:20 UT on 30th
October 2003 for both north–south and east–west polarisations.
Their time series for 3 sites are shown in Figure 6. As the
electric field time series shown in Figure 6 are derived by
frequency-domain multiplication of the same, regional, mag-
netic field spectra with local impedances, site-to-site differences
between these electric field time series can be attributed to dif-
ferences in Earth’s 3D conductivity structure, as embodied in
the impedance tensors.

Maximum peak-to-peak electric fields vary by more than
an order of magnitude (from <1 V/km to >13 V/km) across
Scotland and northern England (Fig. 7). Comparing Figures 7a
and 7c, and 7b and 7d, some differences between the maximum
peak-to-peak electric field magnitudes estimated from measured
impedances (Zij) versus those estimated from modified impe-
dances (Z 0

ij) are discernible, particularly in the south-western
part of our array.

A low-risk corridor of small magnitude (dominantly
contoured in blue with some green) electric fields runs from
Moray/Aberdeenshire (sites MOR, ELC; Fig. 1) across to
Argyll (sites LEA, RAN; Fig. 1) and down via Dumfries and
Galloway (site ELB; Fig. 1) to northern England (site KLD;
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Fig. 1). Sites BOR, OYK and MAR (Fig. 1) represent areas of
higher risk. This can be attributed to higher impedances in these
regions (Figs. 3 and 4). In these regions, storm-time electric
fields significantly exceed the 2 V/km easterly polarised,
storm-time, electric fields inferred (Boteler, 1994) to have
caused a power outage in Québec, Canada during the March
1989 magnetic storm. The largest, localised peak-to-peak elec-
tric fields in Scotland during the Halloween magnetic storm
(Fig. 7) are estimated to have reached 12–13 V/km at MAR
and BOR (Fig. 1). Significant differences are apparent between
the Ex fields estimated from Zij and Z 0

ij, respectively, in the
region through which high-voltage transmission-lines 7 and 8
run (Fig. 1).

Beggan et al. (2013) have previously presented Ex and Ey
polarised electric fields for a storm 5 times as intense as the
Halloween storm computed using a thin-sheet model

(BGS2012) of ocean bathymetry and near surface (<4 km)
conductances assumed from surface geology underlain by a
uniform 900-Xm half-space to infinity. A 900-Xm half-space
is unrealistically resistive and homogeneous for the purpose
of representing stable-tectonic, deep continental crust (e.g.,
Haak & Hutton, 1986; Haak et al., 1997; Simpson & Warner,
1998; Simpson, 1999), upper mantle (e.g., Kurtz et al., 1993;
Simpson, 2001; Simpson, 2002) and the mid-mantle transition
zone (e.g., Bahr et al., 1993; Simpson, 2002). Our hazard maps
(Fig. 7) show much more spatial variability than those obtained
from BGS2012, demonstrating that full characterisation of the
electrical conductivity structure of the deep crust and mantle
below the UK is a prerequisite for accurate estimation of
storm-time electric fields.

The maximum peak-to-peak Ex and Eymagnitudes shown in
Figure 7 occur concurrently. Therefore, the information from
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individual measurement sites can also be displayed in vector
form (Fig. 8). This allows variations in electric field directions
as well as magnitudes to be considered. From Figure 8, we
see that the magnetic perturbation tensor mostly has minimal
effect on the direction of these fields. A notable exception is
at site CAL, where application of the perturbation-tensor correc-
tion also produces a significant diminution of the estimated
electric field magnitude. As we have considered electric field
magnitudes, there is a 90� ambiguity in the direction of the
electric field vectors displayed. However, it is clear that the
directions of these vectors are not controlled solely by the direc-
tions of the coastlines. We, rather, infer a controlling influence
of Earth’s internal conductivity structure.

3.3 Maximum electric field magnitudes during
September 2017 storm

Electric fields estimated from the September 2017 storm
(Fig. 9) are smaller in magnitude than those estimated from
the Halloween 2003 storm. However, comparing Figures 7a
and 9a, and 7b and 9b, both sets of electric fields exhibit broadly
similar regional patterns. Anomalously large Ex fields were
measured (Simpson & Bahr, 2020b) at site ACH during the
September 2017 storm compared to those estimated (Simpson
& Bahr, 2020a). We attribute this discrepancy to possible
current-channelling effects from a nearby railway line. More
measurements would be required to delineate this effect better.
North–south polarised electric fields at the other sites for which
storm-time data are available agree better and there is good
agreement between estimated and measured Ey fields at all
7 sites where data are available. As for the Halloween 2003
magnetic storm, maximum peak-to-peak electric field variations
coincide temporally for the Ex and Ey polarisations. Vector elec-
tric fields are shown in Figure 10.

3.4 Transmission-line voltages

3.4.1 Halloween 2003 storm

The hazard maps shown in Figure 7 have been used to esti-
mate the average magnitudes of the maximum peak-to-peak
electric fields along the 12 high-voltage transmission lines
shown in Figure 1 during the Halloween 2003 magnetic storm.
Electric fields estimated from both Zij and Z 0

ij are tabulated in
Table 1. Transmission-line voltages associated with these
electric fields are also shown in Table 1. Electric fields exceed
5 V/km along Lines 1, 4, 5 and 9. Maximum electric fields of
7.2 V/km and 5.6 V/km for Zij and Z 0

ij, respectively, occur
along Line 4. However, the largest voltages occur along Line
5 due to its longer length. The largest differences between the
electric fields estimated from Zij and Z 0

ij are along Lines 7
and 8. Line 7 runs approximately north-south and comparing
Ex fields in Figures 7a and 7c, significant differences are
apparent. This line is close to the city of Glasgow, making data
acquisition at additional sites difficult. Significant differences
are also apparent along Line 4. However, this line is outside
of our MT array and so differences may result from interpola-
tion. The relative differences in electric field magnitudes
between lines are greater than the relative differences between
electric field magnitudes estimated using Zij or Z 0

ij for individual
lines. However, magnetic perturbations across the region are
relatively low (Fig. 2) and we recommend testing the technique
in a region with more pronounced horizontal magnetic
gradients.

3.4.2 September 2017 storm

The hazard maps shown in Figure 9, computed using mea-
sured storm-time magnetic fields (Simpson & Bahr, 2020a,
2020b) from RAN (Fig. 1) have been used to estimate the
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Fig. 6. Estimated (a) north–south polarised electric field (Ex) time series; (b) east–west polarised electric field (Ey) time series decimated to a
sample rate of 32 s for 3 sites in Scotland during the Halloween 2003 magnetic storm obtained through frequency-domain multiplication of site-
dependent impedance tensors with magnetic time series from ESK observatory. Subscript “W” denotes use of impedances modified to take into
account horizontal magnetic field gradients embodied in the perturbation tensor. Other time-series traces are for measured impedances. Peak
electric field fluctuations occur at the same time for both Ex and Ey polarisations.
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average magnitudes of the maximum peak-to-peak electric
fields along the 12 high-voltage transmission lines shown in
Figure 1 during the September 2017 magnetic storm. In Table 2,
we compare line-averaged electric fields and transmission-line
voltages estimated from Zij and the measured storm-time mag-
netic fields at RAN (Simpson & Bahr, 2020b) with those that
result when measured electric fields (Emeas) from sites ACH,
ELC, CAI, TAN, MAR, LEA and RAN (Simpson & Bahr,
2020a, 2020b) are substituted for the estimated electric fields

at those sites. This substitution has the largest effect for Lines
4, 5 and 2, which are closest to sites MAR, TAN, ELC and
CAI (Fig. 1). Electric fields only reach approximately 1 V/km
along Lines 4 and 9. As with the Halloween 2003 storm, the
largest voltages occur along Line 5 due to its longer length. Site
ACH is sufficiently far from north-south oriented, long-distance,
high-voltage power transmission lines that the anomalously
large Ex fields measured here do not influence transmission-line
voltages. However, these anomalous fields serve to illustrate the
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Fig. 7. Bicubic-spline interpolated (Smith & Wessel, 1990), maximum peak-to-peak, Halloween storm-time, electric field magnitudes at 21:20
UT on 30th October 2003 for (a) Ex and (b) Ey polarisation using measured impedances (Zij); c) Ex and d) Ey polarisation using modified
impedances (Z 0

ij). Stars indicate impedance-tensor site locations.
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necessity of improving our monitoring of local electric fields for
space weather applications.

3.5 Comparison of Halloween 2003 and September
2017 storms

In Figure 11, we compare the magnitudes and directions of
the electric fields estimated at the times of peak magnetic field
strength during the Halloween (Fig. 8) and September 2017
storms (Fig. 10). For the Halloween 2003 storm, magnetic
fields from ESK geomagnetic observatory were multiplied with
Zij. However, due to gaps in the magnetic time series received
from ESK for September 2017, we have multiplied magnetic
field spectra from site RAN (Fig. 1) with Zij to estimate electric
fields for the September 2017 storm. At the majority of sites,
maximum peak-to-peak electric fields are estimated to be
approximately 5 times larger for the event that occurred on
30th October 2003 during the Halloween 2003 storm
compared to that which occurred on 8th September 2017.
Notwithstanding the use of different magnetic field sites, the
electric field vectors at a 1:5 scaling ratio for the two storms

are similar in direction and magnitude at most sites (Fig. 11).
For most sites, differences arising from storm-time magnetic
fields from ESK and RAN are significantly smaller than the dif-
ferences between vectors at neighbouring sites. These differ-
ences are governed by differences in subsurface conductivity
structure as characterised by the impedance tensor. This sug-
gests that hazard maps derived from poorly-constrained
impedances – e.g., ones synthesised from overly-simplified con-
ductance models that account for only near-surface contrasts
such as ocean bathymetry – are likely to be unreliable. At sites
ACY and CAL significant differences in both magnitude and
direction are evident in the electric field vectors for the two
storms. As the same magnetic fields have been used at all sites
and other sites show more similarity for the two storms, we attri-
bute this observation to coupling between different frequencies
present in the magnetic field spectra for the two storms with
anomalous subsurface conductivities in this region. This demon-
strates a possible weakness in upscaling magnetic storm inten-
sities from indices such as Dst and Kp that do not take into
account spectral content to predict magnitudes of 100-year
storms (e.g., Lucas et al., 2020).
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Fig. 8. Vector representation of the maximum peak-to-peak, Halloween storm-time, electric field magnitudes at 21:20 UT on 30th October
2003. There is an inherent 90� ambiguity in these directions. However, they mostly do not correspond with the directions of coastlines outlined
in blue. Light and dark grey lines are the longest (>50 km) 12 high-voltage – 275 kV and 400 kV, respectively – transmission lines in the region
(Viljanen et al., 2013).
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4 Discussion and Conclusion

We have used MT impedances and geomagnetic perturba-
tion tensors from Scotland and northern England for estimating
electric fields associated with the Halloween 2003 magnetic
storm for which only regional magnetic time series from ESK
observatory are otherwise available. Our analysis shows the

possibility of mitigating the risks of magnetic storms on
power-grid transformers by running future, long-distance power
lines associated with green energy initiatives preferentially
along a corridor for which peak-to-peak electric field magni-
tudes (Fig. 7) during the Halloween 2003 storm were low. On
the other hand, at sites MAR (Fig. 1; in the Cairngorms area
of Scotland) and BOR (Fig. 1; in the northern Highlands)
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Fig. 9. Bicubic-spline interpolated (Smith & Wessel, 1990) maximum peak-to-peak electric-field magnitudes at UT 01:25 during the 8th
September 2017 magnetic storm for (a) Ex and (b) Ey polarisation using measured impedances (Zij) and measured magnetic fields from RAN
(Fig. 1); (c) Ex and (d) Ey polarisation with estimated electric fields replaced with measured storm-time electric fields (Simpson & Bahr, 2020b)
at sites ACH, ELC, CAI, TAN, MAR, LEA and RAN (Fig. 1). Black stars indicate impedance-tensor site locations, circled stars in panel (c) and
(d) indicate sites at which measured electric fields have been substituted for the estimated fields used in panels (a) and (b).
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Table 1. Maximum peak-to-peak electric fields for the Halloween 2003 magnetic storm averaged (see Methods Sect. 2.2) in directions
delineated by the 12 high-voltage (HV) transmission lines shown in Figure 1 and their associated transmission-line voltages. E0/E percentages
are the magnitudes of quantities estimated using Z 0

ij relative to those estimated using Zij.

Line number
(Fig. 1)

Length (km) Maximum electric field averaged
along HV line (V/km)

Voltage (V) E0/E (%)

From Zij From Z 0
ij From Zij From Z 0

ij

Line 1 127 5.151 5.105 654 648 99
Line 2 92 2.265 2.177 208 200 96
Line 3 67 2.704 2.297 181 154 85
Line 4 93 7.226 5.599 672 521 77
Line 5 198 5.467 4.751 1082 941 87
Line 6 109 4.744 4.461 517 486 94
Line 7 75 3.357 0.862 252 65 26
Line 8 94 3.254 2.349 306 221 72
Line 9 58 5.150 5.019 299 291 97
Line 10 106 2.991 2.787 317 295 93
Line 11 85 3.698 3.254 314 277 88
Line 12 79 2.464 2.274 195 180 92
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Table 2. Maximum peak-to-peak electric fields for the September 2017 magnetic storm averaged (see Methods Sect. 2.2) in directions
delineated by the 12 high-voltage (HV) transmission lines shown in Figure 1 and their associated transmission-line voltages. Emeas are the
measured electric fields (Simpson & Bahr, 2020a, 2020b) from sites ACH, ELC, CAI, TAN, MAR, LEA and RAN. Emeas/E percentages are the
magnitudes of quantities estimated with Emeas substituted from the aforementioned 7 sites relative to those estimated using Zij.

Line number (Fig. 1) Length (km) Maximum electric field averaged
along HV line (V/km)

Voltage (V) Emeas/E (%)

From Zij From Zij and Emeas From Zij From Zij and Emeas

Line 1 127 0.769 0.774 98 98 101
Line 2 92 0.390 0.453 36 42 116
Line 3 67 0.458 0.410 31 27 90
Line 4 93 0.709 1.182 66 110 167
Line 5 198 0.640 0.764 127 151 119
Line 6 109 0.713 0.680 78 74 95
Line 7 75 0.260 0.241 20 18 93
Line 8 94 0.510 0.513 48 48 101
Line 9 58 0.955 0.932 55 54 98
Line 10 106 0.325 0.315 34 33 97
Line 11 85 0.774 0.772 66 66 100
Line 12 79 0.491 0.518 39 41 105
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21:20 UT on 30th October 2003 and September 2017 storm at 01:25 UT on 8th September 2017. In both cases, electric fields were estimated by
multiplying storm-time, magnetic fields with Zij from the individual site. For the Halloween 2003 storm, magnetic fields from ESK were used,
whereas for the September 2017 storm, magnetic fields from RAN were used. Note 1:5 scaling of the lengths of the vectors for the two storms.
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maximum peak-to-peak electric field amplitudes may have
reached 13 V/km and these are identified as high-risk regions.
3D electrical conductivity modelling is being undertaken to
understand the underlying causes of these electric field
variations. However, an advantage of the method of estimating
electric fields from impedance tensors and magnetic fields is that
it can provide storm-time electric field estimates more quickly
than 3D modelling techniques. We note that decisions related
to the construction of power-line networks cannot be dictated
purely by space weather considerations. However, the moun-
tainous topography of the high-risk Cairngorms region (e.g. site
MAR; Fig. 1) also makes it a more difficult environment
through which to pass long-distance power lines. In addition
to electric-power companies, our electric field hazard maps will
be of use to gas-pipeline and railway-signal operators.

Although horizontal magnetic gradients across Scotland and
northern England are small, they affect the maximum peak-to-
peak electric field magnitudes responsible for driving GICs
along Lines 4, 7 and 8. For the case of the Halloween 2003
magnetic storm, the effect is most pronounced for Line 7, where
a factor of 3.9 difference occurs between electric fields com-
puted with and without the perturbation-tensor correction; along
Lines 4 and 8, this factor is 1.3–1.4 (Table 1). However, with
the exception of Line 7, the effects of the perturbation-tensor
correction are small (15% or less) compared to the differences
between lines running along different trajectories across differ-
ent regions with varying 3D, subsurface, electrical conductivity
structures (Table 1).

We find that electric field amplitudes during the Halloween
magnetic storm may have exceeded the 2 V/km (Boteler, 1994)
inferred to have caused power outages in Québec, Canada as a
result of the March 1989 geomagnetic storm along all long-dis-
tance, high-voltage transmission lines; electric field fluctuations
averaged over Lines 1, 4 and 9 exceed 5 V/km. This indicates
that areas of Scotland could be vulnerable to extreme space
weather events. However, we note that the existing and future
level of vulnerability to such events will be dependent on mit-
igation procedures and transformer specifications.

For the September 2017 storm, peak-to-peak electric fields
in the environs of the long-distance, high-voltage transmission
lines considered were of the order 1 V/km, or less. Transmis-
sion-line voltages of between 20 and 150 V are estimated com-
pared to transmission-line voltages of 150–1000 V for the
Halloween storm. As for the Halloween storm, the largest volt-
ages are estimated along Line 5.

Direct comparison of the electric field vectors obtained for
the Halloween 2003 and September 2017 storms (Fig. 11)
emphasises the importance of the spectral content of the
storm-time magnetic field spectra and its coupling with Earth’s
3D conductivity structure. This indicates that inadequate knowl-
edge of magnetic source field characteristics and/or Earth’s deep
electrical conductivity structure could lead to unreliable space
weather forecasts.

The regional and direction-dependent variability of the
line-average electric fields and transmission-line voltages
demonstrated in this study results from Earth’s 3D, electrical
conductivity structure, which is embodied in the MT impe-
dances and perturbation tensors. Surface geology and ocean
bathymetry are inadequate to constrain subsurface electrical
conductivities. Therefore, a programme of MT data acquisition
in the UK similar to Earthscope in the US (e.g., Schultz, 2009;

Yang et al., 2015), BEAR in Sweden (Bahr & Simpson, 2002;
Korja et al., 2002) and SWEMDI in Ireland (Campanyà et al.,
2019) that will enable the Earth’s heterogeneous conductivity
structure to be properly characterised is seen to be a prerequisite
for any UK-wide space weather nowcasting and forecasting
capability. Application of the perturbation-tensor correction
technique to other regions with larger horizontal magnetic field
gradients is also recommended.
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