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Abstract Geoelectric fields at the Earth’s surface caused by geomagnetic storms have the potential to
disrupt and damage ground-based infrastructure such as electrical power distribution networks, pipelines,
and railways. Here we model geoelectric fields in Ireland and the UK during both quiet and active time
intervals of geomagnetic conditions using measurements from magnetic observatories and electromagnetic
tensor relationships. The analysis focused on (1) defining periods of the magnetic field variations that are
largely affected by the geomagnetic storms, between 30 and 30,000 s; (2) constraining the electromagnetic
tensor relationships that defines the Earth’s response to magnetic field variations; (3) implementing and
validating two approaches for modeling geoelectric fields based on measurements from magnetic
observatories and local and interstation electromagnetic transfer functions; and (4) estimating uncertainties
when modeling geoelectric fields. The use of interstation tensor relationships allowed us to differentiate
between regional and local geomagnetic sources. We found coherence values of 0.5–0.95, signal-to-noise
ratio of 1–15 dB, normalized root-mean-square values of 0.8–3.4, and root-mean-square values of
0.7–84 mV/km. Within these ranges of values, sites in close proximity (<100 km) to a magnetic observatory
and not affected by local storms will provide the most accurate results, while sites located at further
distances and affected by spatially localized features of the storm will be less accurate. These methods
enable us to more accurately model geomagnetically induced currents, and their associated uncertainties, in
the British and Irish power networks.

1. Introduction

The development of modern technologies and the adoption of renewable forms of energy and
transportation is increasing the already high dependence of modern society both on electric power and
on the robustness of our electrical infrastructure. One of the challenges to electrical infrastructure are
geomagnetic storms, which can cause large variations in the Earth’s magnetic fields and produce geoelectric
fields at the Earth’s surface. Geoelectric fields can interact with ground-based infrastructure generating
induced electric currents, known as geomagnetically induced currents (GICs; Albertson & Thorson, 1974;
Boteler & Pirjola, 2017; Pirjola, 2000; Pulkkinen et al., 2017).

Several studies highlight the potential risk of GICs damaging transformers and disrupting the power network,
including the events in March 1989 in Canada (Allen et al., 1989; Béland & Small, 2004; Bolduc, 2002), in
November 2001 in New Zealand (Marshall et al., 2012), and in October–November 2003 in South Africa
(Gaunt & Coetzee, 2007; Koen & Gaunt, 2003). Larger geomagnetic storms than the events in 1989,
2001, and 2003 were observed at the beginning of the twentieth century and earlier (e.g., Cliver &
Dietrich, 2013; Kappenman, 2005; Kataoka & Iwahashi, 2017), but the effects were less dramatic as society
was not as dependent on electricity. The possibility of large economic losses for modern society associated
with a large geomagnetic storm (e.g., Eastwood et al., 2017; Oughton et al., 2017) has increased the need
for better understanding and characterization of the effects of geomagnetic storms on ground based infra-
structures at low, middle, and high latitudes (Bailey et al., 2017; Barbosa et al., 2015; Ngwira et al., 2011;
Torta et al., 2014; Torta et al., 2017; Zhang et al., 2015), and in particular in Ireland (Blake et al., 2016; Blake
et al., 2018) and in the UK (Beggan et al., 2013; Kelly et al., 2017), which are the areas of interest for this
study (Figure 1).
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A critical parameter for the study of GICs is the geoelectric fields at the Earth’s surface caused by geomag-
netic storms. The modeling of geoelectric fields, as a result of Earth’s response to magnetic field
variations, was performed in several studies assuming a homogeneous or a 1-D Earth for simplification.
However, the complexity of the subsurface geology has motivated recent works to consider a more
realistic 3-D Earth when estimating the geoelectric fields (Bonner & Schultz, 2017; Ivannikova et al.,
2018; Kelbert et al., 2017; Weigel, 2017), which provides more accurate results when modeling the GICs
(Torta et al., 2017).

The aim of this study is to evaluate the present possibilities for modeling the geoelectric fields in Ireland and
the UK for space weather applications with two major objectives: (1) modeling the geoelectric fields during
geomagnetic storms, including at sites where no measurements were made during the storm and (2) provid-
ing an error estimation for the modeled geoelectric time series with the aim of facilitating the estimation of
error in the computed GICs. Two approaches, SECS-MT and SECS-ITF, based on state-of-the art geophysical
methodologies were implemented and evaluated. In both approaches, the magnetic field variations were
constrained using magnetic data from permanent magnetic observatories, and the response of the Earth
to magnetic field variations was defined by electromagnetic tensor relationships considering a realistic 3-D
Earth. SECS-MT employs spherical elementary current systems (SECS; Amm & Viljanen, 1999) to extrapolate
the magnetic field variation between geomagnetic observatories with the geoelectric field computed using
the measured MT impedance tensor. SECS-ITF is based on local and interstation electromagnetic transfer
functions (ITF), again using SECS to extrapolate magnetic field variations. The use of interstation transfer func-
tions allows SECS-ITF to separate the geomagnetic storms into two magnetic sources that we name regional
and local geomagnetic signals, affecting either all of the sites in the area of study or only some of the
sites, respectively.

Figure 1. (a) Magnetic (blue circle) and electric (red circle) observatories used in this study. VAL, HAD, ESK, LER, CLF, DOU, and WNG are part of INTERMAGNET net-
work. Bir and Arm are part of the MagIE Irish network. The green circle is a temporary magnetotelluric (MT) site that recorded electric and magnetic field variations
during the first half of 2015. (b) Map showing the distance of any location in Ireland and the UK to the closest magnetic observatory.
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2. Ireland and the UK Study Cases
2.1. Magnetic and Electric Field Measurements

Magnetic field variations in Ireland and the UK were recorded by the relatively high density network of mag-
netic observatories in Ireland (Valentia [VAL], Birr [Bir], and Armagh [Arm]), and in the UK (Hartland [HAD],
Eskdalemuir [ESK], and Lerwick [LER]) and by the magnetic time series from Chambon la Foret (CLF),
Dourbes (DOU), and Wingst (WNG) magnetic observatories in France, Belgium, and Germany, respectively
(Figure 1). VAL, HAD, ESK, LER, CLF, DOU, and WNG are part of the INTERMAGNET network (www.intermag-
net.org), and Birr and Armagh are part of the MagIE Irish network (www.rosseobservatory.ie). Electric field var-
iations were recorded by the British Geological Survey (www.geomag.bgs.ac.uk) at the magnetic
observatories in HAD, ESK, and LER between 2013 to present day using LEMI-701 systems designed by the
Lviv Center of the Institute of Space Research (www.isr.lviv.ua) and Cu-CuSO4 nonpolarizing electrodes. In
addition, electric and magnetic time series from a temporary magnetotelluric (MT) station in Ireland
(Leitrim, Lei) were also recorded during the first half of 2015 using LEMI-417 systems with PbCl2
nonpolarizing electrodes.

2.2. Periods of Interest

The periods of the magnetic field variations that are largely affected by geomagnetic storms were con-
strained using magnetic time series from HAD, ESK and LER, each of which have a 1-s sampling rate and
are distributed at different latitudes within the area of study (Figure 1). Magnetic field time series that are
affected by geomagnetic storms were selected based on the planetary K index (Kp) and the Ap index. Kp
is used to communicate the disturbance of the horizontal component of the magnetic field on a global scale.
It is provided at 3-hr interval, calculated using 13 geomagnetic stations at latitudes between 44° and 60°, and
the values range from 0 (low activity) to 9 (strong activity) in a quasi-logarithmic scale. The Ap index is based
on Kp values but uses a linear scale instead of a quasi-logarithmic scale, ranges between 0 (low activity) and
400 (strong activity), and is an average of daily activity. For more detail about geomagnetic indices see
Rostoker (1972). As the Kp and Ap indices are based on midlatitude observations, they are adequate para-
meters for selecting storm times in Ireland and the UK. In total, six geomagnetic storms between 2013 and
2016 with Kp index equal to or larger than 5 and daily Ap index greater than 30 were selected (Table 1a).

The impact of the geomagnetic storms on the Earth’s surface magnetic fields was constrained by comparing,
in the frequency domain, the 3 days of data affected by a geomagnetic storm with the 3 days of data prior to
the geomagnetic storm following equation (1).

var Tð Þ ¼ ∑mi¼1 Si Tð Þj j � ∑mi¼1 Qi Tð Þj j
∑mi¼1 Qi Tð Þj j (1)

where var represents the variations in the frequency domain, S is the spectra of the time series affected by
geomagnetic storm, Q is the spectra of the time series previous to the geomagnetic storm, m is the number
of analyzed storms, which is equal to 6 in this study, and T shows the period dependence of var, S, and Q.

Figure 2a shows the periods that are most affected by geomagnetic storms for the north-south component of

the magnetic field, eBx, the east-west component of the magnetic field, eBy, and the total magnetic field, eBT. The
x and y subscripts refer to orientation in geographic coordinates, following INTERMAGNET standards. The

Table 1a
Kp and Daily Ap Indices (www.swpc.noaa.gov) for Several Time Series During storm (S) Time

Storm days (S) Maximum Kp/Ap Quiet days (Q) Maximum Kp/Ap

16/03/2013–18/03/2013 6/46 13/03/2013–15/03/2013 3/6
24/05/2013–26/05/2013 5/32 21/05/2013–23/05/2013 4/12
02/10/2013–04/10/2013 6/39 29/09/2013–01/10/2013 2/5
11/09/2014–13/09/2014 7/44 08/09/2014–10/09/2014 3/9
17/03/2015–19/03/2015 8/117 14/03/2015–16/03/2015 3/11
22/06/2015–24/06/2015 8/75 19/06/2015–21/06/2015 4/ 8

Note. Dates are formatted as dd-mm-yyyy.
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gray line represents the variations computed following equation (1), and the red line is a smooth version of
the computed variations. The smooth line was constrained by selecting four periods per decade, equally
spaced at log10 scale, and associating with each period of the smoothing curve the average value of all
the periods between the previous and following periods of the smooth curve. If we integrate along the
periods, using the red smooth curve, ~ 90% of the var signal can be explained by periods between 30 and
30,000 s, which are associated with var values larger than 2.

The reliability of the described approach was evaluated by computing the variations between quiet days
(Table 1b). The results are shown in Figure 2b, in which the green line represent the smooth curve. Note that
the green curves have var values smaller than 0.5.

In this study we focused on periods between 120 and 20,000 s, the shortest period being defined by the
Nyquist limit for 60-s sampling rate, which is a common sampling rate for all of the sites used in this study,

Figure 2. Analysis of the periods that are largely affected by geomagnetic storms. (a) Differences computed following (equation (1)) between horizontal magnetic
time series affected by geomagnetic storm and horizontal magnetic time series prior to the geomagnetic storm. Bx is north-south component of the magnetic field,
By is the east-west component of the magnetic field, and BT represent the total horizontal magnetic field. Red line is a smooth version of the computed var.
(b) Equivalent analysis comparing time series not affected by geomagnetic storms. Green line is a smooth version of the computed var. Vertical blue dashed line
indicated the Nyquist limit when using 60-s sampling rate.
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and the longest period being defined by the quality of the
electromagnetic (EM) tensor relationships. Using this range of periods,
~78% of the var signal shown in Figure 2a can be explained.
Measurements of the magnetic field variations using 1-s sampling rate,
which is a current target for the INTERMAGNET standards, will allow us
to model geoelectric fields for periods between 2 and 20,000 s, which
captures ~93% of the var signal shown in Figure 2a. In order to extend
the modeling of geoelectric fields to longer periods, the use of electrical
resistivity models of the subsurface geology may help when the quality
of the EM tensors relationships is not ideal. Torta et al. (2017) used 1-D
MT modeling of each component of the impedance tensor, Z, to
extrapolate the impedance tensor to longer periods. The 1-D model was
able to reproduce the measured component of the MT impedance tensor

and, as the model propagates to infinite depth, allowed to extrapolate, as a first approach, the values of the
MT impedance tensor at longer periods.

Although the selected periods are representative for the magnetic field variations, the primary source in this
study, the periods of the geoelectric fields that are most affected by geomagnetic storm may vary signifi-
cantly depending on the geoelectrical structures beneath the sites of interest. For example, Kelbert et al.
(2017), working with geoelectric and geomagnetic data acquired in Japan, showed large peaks observed
in the geoelectric fields associated with short periods (~10 s), which were not as obvious in the magnetic field
time series.

2.3. Influence of the Electrical Properties of the Subsurface Geology

The subsurface geology and the coastal effects are known to have a key role when modeling geoelectric
fields, and sharp changes have been observed at distances smaller than 70 km (e.g., Bedrosian & Love,
2015). In Ireland and the UK, the influence of the sea and the observed contrast in the geology at crustal
and lithospheric scale (e.g., Jones & Hutton, 1979; Rao et al., 2007; Sule et al., 1993) suggest that large differ-
ences are to be expected between nearby sites.

EM transfer functions were used to model the response of the subsurface geology to magnetic field varia-
tions for the sites presented in Figure 1 including (1) the MT impedance tensor Z, which describes the linear
relationship between the horizontal components of the electric (Ex , Ey) and magnetic (Bx , By) fields measured
at the same location; (2) the quasi-MT impedance tensor Z’, which describes the linear relationship between

the horizontal components of the electric fields measured at one site EAx ; E
A
y

� �
with the horizontal compo-

nents of the magnetic field measured at a different site BBx ; B
B
y

� �
, and (3) the horizontal magnetic transfer

function H, which describes the linear relationship between the horizontal components of the magnetic field

measured at one site BAx ; B
A
y

� �
with the horizontal components of the magnetic field measured at a different

site ðBBx ; BBy ;Berdichevskiĭ & Dmitriev, 2008; Chave & Jones, 2012). For clarity, Z and Z’ are described by equa-

tion (2), in which the superscript on top of the tensor identifies the location of the electric and magnetic
fields, respectively. The MT impedance tensor is the particular case in which A = B. Note that this equation
is equivalent to Faraday’s law in the frequency domain, discarding the displacement current term as being
negligible for the Earth conductivities and frequency ranges associated with GICs. The H tensor is described
by equation (3), in which the superscript on top of the tensor identify the location of the magnetic fields mea-
sured at one site and the magnetic fields measured at a different site. If A = B, the H tensor would be the iden-
tity matrix.

eEA ¼ ZABeBB (2)

eBA ¼ HABeBB (3)

eE is the electric field, Z the MT impedance tensor or the quasi-MT impedance tensor, eB the magnetic field, and
H is the horizontal magnetic tensor. The tilde (~) on top of the electric andmagnetic fields symbolizes that we
are in the frequency domain. Frequency dependence is assumed for eE , eB, Z, and H.

Table 1b
Kp and Daily Ap Indices (www.swpc.noaa.gov) for Several Time Series During
Quiet (Q) Time

Quiet days (Q1)
Maximum
Kp/Ap Quiet days (Q2)

Maximum
Kp/Ap

04/01/2013–06/01/2013 2/3 01/01/2013–03/01/2013 1/3
19/04/2013–21/04/2013 2/4 16/04/2013–18/04/2013 2/3
18/01/2014–20/01/2014 1/3 15/01/2014–17/01/2014 2/9
24/11/2015–26/11/2015 1/3 21/11/2015–23/11/2015 3/4
03/12/2016–05/12/2016 2/4 30/11/2016–02/12/2016 2/4
15/12/2016–17/12/2016 3/6 12/12/2016–14/12/2016 3/6

Note. Dates are formatted as dd-mm-yyyy.
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The EM tensor relationships used in this study were calculated using the Bounded Influence, Remote
Reference Processing (BIRRP) processing algorithm (Chave & Thomson, 2004), applying the remote reference
(RR) method (Gamble et al., 1979a, 1979b) and the ELICIT method (Campanya et al., 2014; Estimation of Local
transfer-funtIons by Combining Inter-station Transfer-functions, ELICIT) during the processing of the data. The
RRmethod uses correlated time series acquired at a remote site from the area of study to reduce the influence
of correlated and uncorrelated noise at the site of interest, having the capacity to reduce bias and source
effects of correlated noise. Data from magnetic observatories located at more than 500 km from the sites
of interest were considered for RR. One of the main issues associated with RR is that the performance
decreases for longer periods as the number of samples reduces. The ELICITmethod, based on interstation ten-
sor relationships between electric and magnetic fields measured at different locations, was used to consider
the good quality segments of the time series without the need of the electric andmagnetic fields at the site of
interest to be acquired simultaneously, thus increasing the number of samples when processing the data.

For processing the data, we selected 30 days of 1-s measurements acquired between 2013 and 2015 ensuring
the presence of days with moderate geomagnetic activity. This was performed to derive a statistically mean-
ingful set of signals for each of the periods of interest. As the tensor relationships are valid under the assump-
tion of the plane wave approximation, days affected by large geomagnetic storms (Kp > 4) were not
considered as we wish to avoid local source effects related to strong ionospheric currents, in particular for
the sites located further north. The time series for computing the tensor relationships were not later used
to evaluate the presented approaches for modeling geoelectric fields.

As an illustration, Figure 3a shows the impedance tensors relating the electric field variations from ESK and
Lei to the magnetic field variations from several magnetic observatories. As Lei is a nonpermanent site, mag-
netic time series from Lei were only used to calculate its local MT impedance tensor. The plots in Figure 3a
highlight the significant differences depending on the magnetic field data used to constrain the tensor rela-
tionship, suggesting that the electrical properties beneath different sites varies significantly. Figure 3b shows
theH tensor relationships relating themagnetic field variations at several magnetic observatories to themag-
netic field variations from CLF. The CLF site was selected as the reference as is the least likely to be affected by
local geomagnetic storms, which will be relevant for SECS-ITF approach. Deviations away from the identity
matrix are related to the different geoelectric structures beneath the magnetic observatories.

In general, larger differences are observed for shorter periods, which are associated with shallower structures,
while for longer periods, associated with deeper structures, differences are reduced suggesting a similar geo-
electric environment. Although modeling will be required to accurately estimate the depth of penetration for
different periods the concept of skin depth, equation (4) can be considered as a first approximation. The skin
depth describes the depth at which an electromagnetic wave with angular period, T, will penetrate into a
medium with a homogeneous electrical resistivity, ρ, before its amplitude is attenuated by a factor of 1/e
(i.e., Chave & Jones, 2012).

δ≈500
ffiffiffiffiffiffiffi
ρT

p
(4)

From the skin depth it can be seen that shorter periods attenuate at shallower depths than longer periods,
and that the waves will also attenuate quicker when propagating though materials with low electrical resis-
tivity values.

For all of the computed EM tensor relationships the quality of the data was reasonable for periods between
120 and 20,000 s, including the main periods of interest for the analysis of geomagnetic storms presented in
Figure 2. Note that VAL, DOU, and WNG magnetic observatories provided 60-s sampling rate, which means
that because of the Nyquist limit no results are available for periods shorter than 120 s. Poor quality or missing
points in the electromagnetic tensor relationships associated with periods between 120 and 20,000 s were
replaced by interpolated values using nearby periods with good quality data. The interpolated values were
less than 2% of the total analyzed data.

3. Theory

Modeling geoelectric fields at the Earth’s surface requires an accurate knowledge of the magnetic field var-
iations, and of the Earth’s response to these variations. The magnetic field variations were measured at the
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Figure 3. (a1 and a2) Electromagnetic tensor relationships, for periods between 100 and 20,000 s, relating the electric
fields, E, measured at (a1) ESK and at (a2) Lei to the magnetic fields, B, measured at several sites (HAD, ESK, LER, VAL,
CLF, Bir, Arm, and Lei). (b) Horizontal magnetic tensor relationship, H, for periods between 100 and 20,000 s relating the
magnetic fields, B, at the magnetic observatories shown in Figure 1, to the magnetic fields at CLF. Black, blue, red, and
yellow circles represent the components of the tensor relationship. HAD = Hartland; VAL = Valentia; ESK = Eskdalemuir;
LER = Lerwick; VAL = Valentia; CLF = Chambon la Foret; Bir = Birr; Arm = Armagh; Lei = Leitrim.
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magnetic observatories (Figure 1), and interpolated to nearby locations using the spherical elementary cur-
rent system (Amm & Viljanen, 1999). SECS assumes that the varying component of the magnetic field on
the ground can be represented by a system of divergence-free equivalent currents in the ionosphere.
These equivalent currents are solved for true input magnetic data at the Earth surface, that is, at the magnetic
observatories. The magnetic field at any point on the ground, within the region defined by the magnetic
observatories, can then be calculated as the sum of magnetic effects from these constructed currents.
Recent studies in Ireland and in the UK already used SECS as a reasonable approach for interpolating mag-
netic field variations between magnetic observatories (e.g., Blake et al., 2016; Kelly et al., 2017). The Earth’s
response to the magnetic field variations, the geoelectric fields, was constrained using EM tensor relation-
ships considering a realistic 3-D Earth.

We first describe the modeling of geoelectric fields when the magnetic field variations at the site of interest
are measured. Then, we present two approaches for modeling geoelectric fields at sites between magnetic
observatories, when interpolation of the magnetic field variations is required.

3.1. Known Magnetic Field Variations at the Site of Interest

In the hypothetical case that the magnetic data were recorded at the site of interest, A, the geoelectric fields
can be constrained, in the frequency domain, following equation (5):

eEA ¼ ZAAeBA (5)

The superscript indicates the site in which the fields were recorded, in this example site A. Note that this is
equivalent to equation (2) with A = B.

3.2. Unknown Magnetic Field Variations at the Site of Interest

Two approaches, SECS-MT and SECS-ITF, were tested for modeling geoelectric fields at a site where no direct
measurements of the magnetic field variations were performed during the geomagnetic storm. Figure 4
shows a diagram with the main steps followed by the two approaches.
3.2.1. SECS-MT: Based on SECS and on the MT Impedance Tensor (Z)
Following this approach the magnetic field variations at the site of interest, A, were calculated by interpolat-
ing the magnetic field variations measured at the magnetic observatories using SECS (equation (6)).

_BA ¼ SECS B1;B2;…;Bs
� �

(6)

where B is the magnetic field variations in the time domain and the superscript from 1 to s represent the
nearby stations were the magnetic field variations were recorded, for example, in the permanent magnetic
observatories. The accent (dot) symbolizes that themagnetic field was computed as a result of the SECS inter-
polation process.

We take the fast Fourier transform (FFT) of the time series and use the spectra of the resulting magnetic field
variations (from equation (6)) multiplied by the MT impedance tensor in the frequency domain to compute
the spectra of the geoelectric fields (equation (7)).

EA≈FFT�1 ZAA·FFT _BA
� �� �

(7)

where E is the electric field variations at site A in the time domain, FFT is the fast Fourier transform, and FFT�1

the inverse of the fast Fourier transform. Note that the length of the FFT was matched to the frequency band-
width of the tensor relationship, between 120 and 20,000 s, including the periods of interest.
3.2.2. SECS-ITF: Based on the SECS and on Local and ITF
This approach assumes that the geomagnetic storms can be separated into two magnetic sources that we
name the regional and local geomagnetic signals. The regional signal represents a magnetic source that is
the same for the whole area of study, in our case the region shown in Figure 1. The local signal is the part
of the geomagnetic storm that is not represented by the regional signal, and it is related to geomagnetic
sources that only affect some of the magnetic observatories. Regional signals can be related to sudden
impulses, magnetospheric (ring currents), and homogeneous ionospheric currents above the area of study.
An example of local signal would be the ionospheric currents associated with the electrojet, which will
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more strongly affect sites that are closer to the electrojet than the sites located further away. Under this
assumption, equation (5) can be expressed as equation (8)

eEA¼eEA
reg þ eEA

loc ¼ ZAA eBA
reg þ eBA

loc

� �
¼ ZAAeBA (8)

where the subindex reg and loc refers to the regional and local signals, respectively. Following this approach
equation (8) can be separated into equations (9) and (10).

EAreg ¼ FFT�1 ZAA·FFT BA
reg

h ih i
(9)

EAloc ¼ FFT�1 ZAA·FFT BA
loc

� �� �
(10)

Regional signal (equation (9)) works under the assumption of the plane wave approximation. This means that
the regional electric and magnetic field at the site of interest (EAreg;B

A
reg) can be constrained by the magnetic

Figure 4. Diagram showing the main steps followed by (a) SECS-MT and (b) SECS-ITF to compute geoelectric fields.
Equations of each step makes reference to the equations described in the text.
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fields at a nearby station using the interstation transfer functions. If we assume that there is a neighboring
site, n, not affected by local storms, EAreg and BA

reg can be modeled using the magnetic field data measured
at site n, Bn (equations (11) and (12)).

EAreg ¼ FFT�1 ZAn·FFT Bn½ �� �
(11)

BA
reg ¼ FFT�1 HAn·FFT Bn½ �� �

(12)

Recent results from Wang et al. (2017) already demonstrate the accuracy of equations (11) and (12) at
modeling the natural electric and magnetic fields when the plane wave approximation is valid, showing
coherence values above 0.96, and signal-to-noise ratio (SNR) values larger than 10 dB. This means that
following equations (11) and (12), we can directly calculate EAreg and BA

reg from Bn, modeling the contribution
of the regional signal at site A.

The local signal at the magnetic observatories, Bk
loc (for k = 1, …, s) can be calculated by removing the

contribution of the regional magnetic signal (equation (12)) from the measured magnetic field at the
magnetic observatories following (equation (13)).

Bk
loc ¼ Bk�Bk

reg¼Bk � FFT�1 HkneBn
h i

for k ¼ 1;…; s (13)

where s is the number of magnetic observatories in the area of study and n is a magnetic observatory not
affected by local storms. Once the local signal at each magnetic observatory is calculated, SECS can be
applied to interpolate the contribution of the local signal at site A (equation (14)).

_BA
loc ¼ SECS B1

loc;B
2
loc;…;Bs

loc

� �
≈BA

loc ¼ BA � FFT�1 HAneBn
h i

(14)

Combining equation (10) to equation (14) results in equation (15), which allows us to model the geoelectric
fields at site A using magnetic data from neighboring stations.

EA ¼ EAreg þ EAloc ¼ FFT�1 ZAn·FFT Bnð Þ� �þ FFT�1 ZAA·FFT _BA
loc

� �� �
(15)

The presented approach (equation (15)) assumes that there is at least one magnetic observatory not affected
by local storms, site n, but this may not always be the case and all stations may be affected by local effects at
different levels. Below, we analyze the influence of having a local signal at site nwhen applying equation (15).
In this case equation (14) will be written as equation (16), and equation (15) would become equation (17).

_BA
loc≈B

A � FFT�1 HAneBn
h i

¼ BA � FFT�1 HAn eBn
reg þ eBn

loc

� �h i
(16)

eEA ¼ ZAn eBn
reg þ eBn

loc

� �
þ ZAA eBA � HAn eBn

reg þ eBn
loc

� �� �� �
(17)

Equation (17) can be simplified by combining the tensor relationships that are multiplying between them,
such as shown in equation (18) (see García & Jones, 2005; Campanya et al., 2014, for more detail on
combining EM tensor relationships).

ZAn ¼ ZAAHAn (18)

Simplification of equation (17) shows that it is equivalent to equation (8), the only difference being the
accuracy of constraining BA

loc through the SECS interpolation method.

This result demonstrates that the presence of local signal at site n may not be an issue when modeling the
electric fields at site A. However, the accuracy of the approach is dependent on the accuracy of SECS at

interpolating the local magnetic field variations when calculating BA
loc. Taking this limitation in consideration,

choosing a reference site at lower latitudes, less affected by local signals, should facilitate the performance of
this approach as no artificial geomagnetic sources will need to be created to compensate for local signals
affecting the reference site but not the other sites, for example at lower latitudes.
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CLF magnetic observatory (Figure 1), the most southerly data set, was selected as a magnetic observatory
assumed to be unaffected by local effects, site n, as it is expected to be less affected by the influence of
the auroral electrojet, usually the major source of local effects. Figure 5 shows the magnetic fields variations
at LER, ESK, HAD, and CLF for four large geomagnetic storms, including the 1989 storm. Looking at the

Figure 5. North-south, Bx, east-west, By, and vertical Bz, components of the magnetic fields measured at CLF (red), HAD
(blue), ESK (yellow), and LER (black) during several large geomagnetic storms: (a) 13–14 of March 1989, (b) 29–31 of
October 2003, (c) 17–18 of March 2015, and (d) 22–23 of June 2015. CLF = Chambon la Foret; HAD = Hartland;
VAL = Valentia; ESK = Eskdalemuir; LER = Lerwick.

10.1029/2018SW001999Space Weather

CAMPANYÀ ET AL. 226



horizontal components, Bx and By, x for north-south and y for east-west directions, CLF had the smallest
variations. Sites located at higher latitudes were affected by additional signals and larger variations were
observed. If we focus on the vertical component of the magnetic field variations, Bz, if there is no presence
of local signals, the variations of Bz are associated with induced magnetic fields caused by the subsurface
geology, which are usually relatively small in comparison with the magnetic source. However, under the
influence of local geomagnetic sources, large vertical magnetic field variations can be observed, in particular
at the edge of the main ionospheric currents (Boteler & Pirjola 1998; Johnsen, 2013). For the presented exam-
ples, CLF also shows the smallest variations for Bz during geomagnetic storms corroborating the idea that CLF
is less affected by local geomagnetic sources than HAD, ESK, and LER magnetic observatories.

3.3. Parameters for Evaluating the Performance at Modeling Geoelectric Fields

Coherence (Coh, equation (19)), SNR (equation (20)), root-mean-square (RMS, equation (21)), and the
normalized root-mean square (nRMS, equation (22)) were used to evaluate the accuracy when modeling
geoelectric fields.

Coh ¼ ∑Ni¼1 Edata i � Edata
� �

Emod i � Emod
� �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑Ni¼1 Edata i � Edata
� �2

∑Ni¼1 Emod i � Emod
� �2q (19)

SNR ¼ 10 log10
∑Ni¼1Edata

2
i

∑Ni¼1 Edata i � Emod ið Þ2 dBð Þ (20)

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
∑Ni¼1 Emod i � Edata ið Þ2

r
(21)

nRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N ∑

N
i¼1 Emod i � Edata ið Þ2

q
1
N ∑

N
i¼1σi

(22)

where Edata is the measured geoelectric fields and Emod the modeled geoelectric fields, Edata and Emod

represent the average values of the geoelectric fields, σ is the standard deviation of the modeled geoelectric
fields and associated with the errors at modeling geoelectric fields, and N is the number of data points in the
time series.

The Coh values, invariant in scale, were used to evaluate similarities between time series focusing on the
variations but without taking into account the amplitude of the signal. Values close to one indicated that
the two time series vary in a similar manner. The SNR between the measured and the residual time series
was used to quantify the similarity between time series by taking into account the power of the signal.
Positive SNR values indicate that the power of the signal is larger than the residuals, and SNR values larger
than 10 indicate that the power of the signal is more than 10 times larger than the residuals. The RMS was
used to quantify differences between measured and modeled time series, and the nRMS to quantify the
differences between measured and modeled time series taking into account the estimated errors of the
modeled geoelectric fields. A poor result from Coh, SNR, or RMS would indicate that the recovered time series
were not accurate at defining themeasured geoelectric fields. nRMS values significantly smaller or larger than
unity would indicate that the estimated errors were not accurate.

4. Method Implementation and Validation
4.1. Method Implementation

The presented approaches for modeling geoelectric fields were implemented by defining the main errors to
be considered when modeling geoelectric fields in Ireland and the UK and by modeling the geoelectric fields
at Lei (a site relatively close to the closest magnetic observatory, ~100 km from Armagh) and at ESK (a site
relatively far away from the closest magnetic observatory, ~250 km from Armagh) during the geomagnetic
storm in 22–23 August 2015.
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4.1.1. Error Estimation
Three types of errors were considered when modeling the electric and magnetic time series during geomag-
netic storms related to (1) errors from the tensor relationships, (2) the assumption of the plane wave approx-
imation, and (3) the accuracy of interpolating magnetic field variations using SECS. As the errors are based on
data from the area of study (Figure 1), the presented values may not be adequate for other regions, in parti-
cular the errors associated with the accuracy at interpolating the magnetic field variations using SECS.
Equivalent analysis should be performed in other regions when aiming to estimate the errors for the SECS-
MT and SECS-ITF approaches.

4.1.1.1. Errors From the Tensor Relationships
The errors related to the tensor relationships were defined when processing the data to obtain Z and H.
In addition, to avoid the influence of small errors caused by poor statistics, an error floor, that is,
minimum error for each component of the tensor relationships, was imposed. The error floor was defined
by modeling the electric fields at ESK, HAD, LER, and Lei sites using time series not affected by large
geomagnetic storms. In this study we selected the three days of data previous to the geomagnetic
storms in 17–18 March 2015 and in 22–23 June 2015. The largest error floor that returned the smallest
nRMS values above a value of 1, for all of the sites, was selected. Following this approach we imposed an
error floor of 10% on the components of Z, and 0.02 in absolute value on the components of H. The
nRMS values from modeling geoelectric fields, considering the errors from the tensor relationships and
imposing the error floor, were between 1.0 and 3.2, while the RMS values ranged between 0.3
and 14.8 mV/km.

4.1.1.2. Errors Associated With the Assumption of the Plane Wave Approximation During
Geomagnetic Storms
The MT impedance tensor, Z, works under the assumption of plane wave approximation, which is
not entirely valid during strong geomagnetic storms (e.g., Romano et al., 2014; Varentsov et al., 2003).
This means that during geomagnetic storms Z may not reproduce the Earth’s response to the magnetic
field variations with the same accuracy as during quiet times. Note, however, that previous results have
already shown reasonable accuracy values, 5% to 10% error, at modeling geoelectric time series during
geomagnetic storms when the magnetic field variations at the site of interest are known (Kelbert
et al., 2017).

The error associated with the assumption of the plane wave approximation was defined by modeling the
electric fields at ESK, HAD, LER and Lei sites during the 17–18 March 2015 and the 22–23 June 2015 geomag-
netic storms. The differences between modeled and measured electric fields were evaluated using SNR, as
larger errors were observed for larger signals. The SNR between modeled and measured electric time series
was computed for HAD, ESK, LER, and Lei sites using the magnetic time series measured at the site of interest,
thus avoiding additional errors related with the interpolation methods. The average SNR values was
around 10 dB.

Based on this analysis, an error was added in the spectra of the modeled geoelectric fields, considering a ran-
dom normal deviation with sigma equal to 0.31 times the value of the spectra for each period, which is
equivalent to a SNR of 10 dB. By considering this error, in combination with the errors from the tensor rela-
tionships, the nRMS at the four observatories for the two selected storms ranged between 0.9 and 3.4, while
the RMS values ranged between 1.2 and 84 mV/km. Note that if only the errors from the tensor relationships
were considered, ignoring the errors presented in this subsection, the nRMS values would had range
between 2.1 and 7.5.

4.1.1.3. Errors From Interpolating Magnetic Field Variations Using SECS
A similar approach to that in the previous subsection, based on the SNR, was performed to define the errors
related to the interpolation of the total, SECS-MT, and the local, SECS-ITF, magnetic field variations using
SECS. The magnetic field variations at ESK, HAD, Lei, and Bir for the same two storms were computed follow-
ing SECS interpolation method using several combinations of magnetic observatories including all the sites
presented in Figure 1. When applying SECS for interpolatingmagnetic field variations, there should always be
magnetic observatories surrounding the site of interest. Because of this limitation, data from LER magnetic
observatory was not considered for this analysis as it is at the northernmost edge. Coh and SNR values from
interpolating the total and local magnetic field variations in relation to the distance to the closest magnetic
observatory are shown in Figure 6.
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Both Coh and SNR show a decrease in accuracy as the site of interest distances from the closest magnetic
observatory. Focusing on the SNR values (Figure 6, lower panels), and for the range of distances evaluated
in this study, a linear relationship between SNR and the distance to the closest observatory is suggested (gray
lines). Based on this linear relationship, errors were added to the interpolated magnetic field variations
resulted from SECS. Note that SNR use a logarithmic scale (dB), which means that the error increases expo-
nentially with the distance. Based on the results from Figure 6, during large geomagnetic storms negative
SNR values can be expected when the distance between the site of interest and the closest magnetic obser-
vatory is (1) more than 730 km when modeling the total magnetic field variations and (2) more than 650 km
when modeling the magnetic field variations caused by local storms. Negative SNR values indicate that the
errors are larger than the signal.

The nRMS values at interpolating the total and local magnetic field variations ranged between 1.3 and 3.7,
while the RMS values ranged between 11.9 and 34.9 nT. This range of misfit values is in agreement with
the misfit values observed by McLay and Beggan (2010) interpolating the magnetic field variations at ESK
using SECS during the geomagnetic storm of 11 September of 2005.
4.1.2. Modeling Geoelectric Fields
The proposed methodologies, SECS-MT and SECS-ITF, were implemented by modeling the geoelectric fields
at Lei and ESK during the 22–23 June 2015 geomagnetic storm considering the errors described above. The

Figure 6. Error analysis, focusing on coherence and signal-to-noise ratio, from interpolating the magnetic field variations
using the spherical elementary current system. The gray line is a linear fit of the signal-to-noise ratio (SNR) representing
the decrease in resolution as the site is located far away from the closest magnetic observatory. (a) Error analysis at inter-
polating the total magnetic field variations. (b) Error analysis at interpolating the magnetic field variations of the local
component of the geomagnetic storm.
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errors were propagated using 1,000 random samples normally distributed among the mean value with a
standard deviation defined by the errors. The modeled geoelectric time series and the estimated errors
were defined as the mean value and as the standard deviations of the calculated geoelectric time
series, respectively.

The modeling of the geoelectric fields was first tested assuming that the magnetic field variations of the site
of interest were known (Figure 7). Then, SECS-MT and SECS-ITF were considered assuming that there were no
measurements at the site of interest during the geomagnetic storm (Figure 8). Figures 7 and 8 compares mea-
sured (black lines) and modeled (color lines) x, north-south, and y, east-west, components of the geoelectric
field, and provides an estimate of the errors in the modeled geoelectric fields and of the differences between
the modeled and measured geoelectric fields (color dashed lines). When the magnetic field variations were
known (Figure 7) the fit of the data showed Coh values between 0.94 and 0.97, SNR values between 9 and
12 dB, RMS values between 1 and 10 mV/km, and nRMS values between 1.3 and 2.0, having similar results
for ESK and Lei. When the magnetic field variations at the site of interest were not known and the geoelectric
fields were modeled following SECS-MT or SECS-ITF (Figure 8) the fit of the data showed Coh values between
0.77 and 0.95, SNR values between 3.8 and 10.0, RMS values between 1 and 24 mV/km, and nRMS values
between 1.0 and 2.3. In this case, results from ESK were significantly worse than results from Lei, probably
due to the larger distance to the closest magnetic observatory.

Using SECS-ITF we were able to differentiate between local and regional signals (Figure 9). Figure 9a and 9b
shows the contribution of the regional and local signals, respectively, at Lei and at ESK. Figure 9c shows the

Figure 7. Modeled geoelectric fields at Lei and ESK during the geomagnetic storm in June 2015 under the assumption that
the magnetic field variations at the sites of interest were known (equation (4)). (a) The x (north-south) component of the
geoelectric fields. Black is measured geoelectric fields and red modeled geoelectric fields (b) y (east-west) component of
the geoelectric fields. Black is measured geoelectric field and blue modeled geoelectric fields. (c) Estimated errors at
computing geoelectric fields, red for x component and blue for y component. (d) Differences between modeled and
measured geoelectric fields. Red for x-component and blue for y component. Lei = Leitrim; ESK = Eskdalemuir.
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Figure 8. Modeled geoelectric fields at (a) Lei and (b) ESK during the geomagnetic storm in June 2015 following SECS-MT
and SECS-ITF. (a1 and b1) The x (north-south) component of the geoelectric fields. Black is measured geoelectric fields and
red modeled geoelectric fields. (a2 and b2) The y (east-west) components of the geoelectric fields. Black is measured
geoelectric fields and blue modeled geoelectric fields. (a3 and b3) Estimated errors when computing geoelectric fields, red
for x component and blue for y component. (a4 and b4) Differences between modeled and measured geoelectric fields.
Red for x component and blue for y component.
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contribution of the total signal by adding the local and the regional contributions. Black time series represent
the measured geoelectric fields at Lei and ESK. For this example and for these two sites, the sudden storm
commencement at 18:33 on 22 June is dominated by regional sources, while the rest of the storm,
including the main and the recovery phases, seems to be dominated by local sources.

4.2. Method Validation

SECS-MT and SECS-ITF were validated by modeling 34 geoelectric time series measured at Lei, HAD, and ESK
during seven geomagnetic storms that occurred between 2013 and 2017: (1) 16–18 March 2013, (2) 24–26
May 2013, (3) 02–04 October 2013, (4) 11–13 September 2014, (5) 17–19 March 2015, (6) 27–29 May 2017,
and (7) 07–09 September 2017. Results from the two approaches were compared with the measured time
series, and with the results obtained whenmodeling the geoelectric fields using the magnetic field variations
at the site of interest. Note that LER was not considered for the validation as it is located at the edge of the
area of study and the interpolation of themagnetic field variations using SECS would not have been accurate.
Figure 10 compares the accuracy of SECS-MT (blue) and SECS-ITF (orange) at modeling geoelectric fields with

Figure 9. Modeled geoelectric fields at Lei and ESK during the geomagnetic storm in June 2015 following SECS-ITF. Red
time series are the modeled x component of the geoelectric field and blue time series the modeled y component of the
geoelectric field for (a) geoelectric field caused by the regional signal of the geomagnetic storm, (b) geoelectric field caused
by the local signals of the geomagnetic storm, and (c) total geoelectric field. Black time series are the measured geoelectric
field at Lei and ESK during the geomagnetic storm in June 2015. Lei = Leitrim; ESK = Eskdalemuir.
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the geoelectric fields generated using the magnetic field variations mea-
sured during the storms (green). The graphs show how many of the mod-
eled geoelectric time series have Coh, SNR, RMS, and nRMS values larger
than the values shown in the x axis. Figure 10 shows that knowing the
magnetic field variations at the site of interest provides the best results.
When this is not possible, SECS-ITF and SECS-MT approaches provide simi-
lar results but are consistently slightly better when using SECS-ITF. In addi-
tion, Figure 10d shows that nRMS values of SECS-ITF are closer to 1 than
the nRMS values from SECS-MT, suggesting that the errors are better
estimated using SECS-ITF. When modeling geoelectric fields using the
SECS-ITF method the errors for local and regional sources were calculated
separately and associated to different levels of accuracy, while using SECS-
MT there was no differentiation between local and regional geomagnetic
sources. Figure 6 previously showed better accuracy at interpolating the
total rather than only the local geomagnetic fields, which concurs with
the consideration that the errors associated with local and regional mag-
netic sources are different, and thus should be considered separately.

Figure 11 shows the accuracy of modeling geoelectric fields using Coh and
SNR values in relation to the influence of local geomagnetic storms. The
color of the data points is related to the distance of the site to the closest
magnetic observatory. In general, the most obvious observation is that
when the magnetic field variations at the site of interest are not known,
there is a decrease in accuracy as the local effects became dominant. In
relation to the distance to the closest magnetic observatory, no particular
pattern is observed when the regional signal is dominant (values smaller
than 0.5 on the x axis). However, when the local signal is dominant (values
larger than 0.5 on the x axis) the dependence on the distance to the closest
magnetic observatory is important and the accuracy reduces as the sites
are located at larger distances from the closest magnetic observatory.
The observed drop in accuracy for values between 0.4 and 0.5 on the x axis,
in particular for the SNR, may be related to sources of noise affecting the
measured geoelectric field. We argue this as most of these points are
associated with the same site, HAD, where the drop was observed for all
of the approaches used for modeling the geoelectric fields, including
when the magnetic time series were known. Although is not easy to
constrain the possible source of noise, a possible reason for the decrease
in accuracy at HAD is its proximity to the coastline and the strong currents
from the Bristol Channel, which can induce additional EM signals that
cannot be reproduced using the plane wave method due to the proximity
of the source. However, we also have to take into account that the
measured electric and magnetic field variations were considered to be
caused by geomagnetic activity, but sources of noise such as periodical
cultural noise generated by human activity (i.e., power lines, electric
fences, grounded pipelines, electric railways, and transformers), tempera-
ture effects, changes in the conductivity of the surface of the site where
the electric fields were measured, or chemical reactions of the electrodes
with the surrounding environment may also had affect the measured geo-
electric fields. Segments of the time series significantly affected by noise
(i.e., large steps) where not considered in the presented analysis.

5. Discussion

The results presented in this study show that we can achieve high accuracy
when modeling geoelectric fields at a particular sites if the magnetic field

Figure 10. Evaluation of the accuracy at modeling 34 geoelectric time series
at ESK, HAD, and Lei affected by several geomagnetic storms following three
different approaches: Known magnetic field variations (green), SECS-MT
(blue), and SECS-ITF (orange). The presented graphics show howmany of the
modeled geoelectric fields had (a) coherence, (b) SNR, (c) RMS, and (d) nRMS
values larger than the values shown in the x-axis. Optimum values are
(a) coherence values close to one, (b) large SNR values, (c) small RMS values,
and (d) nRMS values close to one. SNR = signal-to-noise; RMS = eoot-mean-
square; nRMS = normalized RMS.
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variations are known, and we recommend the SECS-ITF approach for modeling geoelectric fields at sites
where no magnetic measurements were made during geomagnetic storms. The results also show that we
can provide a reasonable estimation of the errors for the modeled geoelectric fields, constraining the
uncertainties of the provided time series. With the present-day network of permanent magnetic
observatories, we can expect Coh values between 0.5 and 0.99, in most of the cases larger than 0.75, and
SNR values between 1 and 15 dB, in most of the cases above 4 dB when modeling the geoelectric fields in
Ireland and the UK (Figure 10). Figure 11 shows that accuracy may decrease considerably for distances over
above 100 km from the closest magnetic observatories when the geomagnetic storm is dominated by local
effects. Equivalent results were observed by Butala et al. (2017) in the United States for three particular geo-
magnetic storms, showing that the accuracy at modeling GICs is strongly dependent on both magnetometer
to substation transformers baseline distance and to the intensity of the geomagnetic storm, which can be
associated with an increase of local effects. The largest distance to a magnetic observatory in Ireland is
200 km, while in the UK several areas are at more than 200 km from the closest magnetic observatory with
the largest distance up to 400 km (Figure 1b). This issue could be solved by significantly increasing the

Figure 11. Accuracy at modeling geoelectric fields when the magnetic fields are known, using SECS-MT, and following SECS-ITF. (a) Coherence values when model-
ing geoelectric fields in relation to the influence of the local signal during the geomagnetic storms. (b) Signal-to-noise ratio (SNR) values at modeling geoelectric
fields in relation to the influence of the local signal during the geomagnetic storms. Color indicate the distance to the closest magnetic observatory. Vertical dashed
line shows when local and regional geomagnetic sources have similar intensity.
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number of magnetic measurements. As local storms are associated with large variations of themagnetic field,
low-resolution variometers, in comparison with the INTERMAGNET standards, could provide valuable data
without implying large economic costs.

Another point of interest are the electrical properties of the subsurface geology. In Ireland and the UK the
electrical resistivity values of the subsurface geology varies significantly over short distances, and several sites
will be influenced by coastal effects. This means that a sparse spatial coverage of MT sites may result in lower
accuracy results when modeling GICs. Although site location based on geology and known tectonic terranes
will optimize the number of necessary MT measurements, similar tensor relationships between nearby sites
will indicate a good coverage of sites, while large differences between nearby sites will suggest the need of
higher density of stations in this particular region. The use of long period magnetotelluric data already
acquired in Ireland (Rao et al., 2014), and the outputs from projects currently under development such as
SWEMDI, funded by the Geological Survey of Ireland, and SWIGS, funded by the Natural Environment
Research Council, will provide new tensor relationships over Ireland and the UK increasing the spatial
resolution when constraining the Earth response to magnetic field variations.

In relation to the study of GICs, the direct use of the full tensor relationships, considering 3-D effects of the
subsurface geology, has shown to be valuable for modeling GICs. Torta et al. (2017) demonstrated that the
MT impedance tensor can properly represent the response of the regional geological structures. Their results
showed that local surveys can provide a practical solution for power grid nodes identified as being at risk
from GICs when the electric field over the area containing the whole length of the power lines feeding into
the at-risk nodes is suitably constrained. Recent results from Lucas et al. (2018) also suggest the use of the full
tensor relationship as an appropriate approach for constraining the geoelectric fields used to model the GICs.
The presented approaches in this manuscript, in particular SECS-ITF, will allow us to improve prior
assessments of GIC risk, thus enabling operators to assess risks in advance and to be ready to deal with those
risks. It will also provide valuable data for postevent analysis if anomalies detected are due to GICs.

The presented approaches also provide the possibility of creating a large database of geoelectric fields time
series using several years of magnetic time series from the magnetic observatories. This data set can be used
to train, test, and validate new approaches for now-casting and forecasting either geoelectric field time series
or geoelectric field conditions using, for example, magnetic data from the magnetic observatories or satellite
data from Lagrangian L1 point. Further studies in this direction will evaluate the applicability and accuracy for
now-casting and forecasting geoelectric fields in Ireland and the UK, and the expected levels of accuracy. In
the case of success, this will provide valuable data for operators being able to monitor if any problems they
observe are directly related to geomagnetic activity (and not to other issues) and allow the implementation
of measures for mitigating against the effects of solar storms.

6. Conclusions

This study evaluated the possibilities for modeling geoelectric fields caused by geomagnetic storms in Ireland
and the UK using two approaches, SECS-MT and SECS-ITF, showing that we can accurately reproduce the
geoelectric fields during quiet time and storm time. The presented approaches, in particular SECS-ITF, can
provide better prior assessments andmore detailed analysis of GIC risks, not only by providing more accurate
results when modeling geoelectric fields but also by including an error estimation, and by being able
to differentiate between the effects of local and regional geomagnetic sources. SECS-MT and SECS-ITF can
also be used to create a reliable database of geoelectric field time series at sites where measurements
were performed only for a short interval of time, which can be used to test now-casting and
forecasting approaches.

The prior analysis performed before modeling geoelectric fields showed that (1) although most of the
analyzed periods are affected by geomagnetic storms, ~90% of the var signal, related to magnetic field
variations caused by geomagnetic storms, can be explained using periods between 30 and 30,000 s. If periods
between 120 and 20,000 s are used, as in this study, ~78% of the var signal can be explained, (2) the electrical
properties of the subsurface geology has an important role at defining the electric but also the magnetic field
variations measured at the Earth’s surface, and (3) at least three types of errors should be considered when
modeling geoelectric fields including errors associate with (i) errors from the tensor relationships, (ii) the
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assumption of the plane wave approximation, and (iii) the accuracy of interpolating magnetic field variations
using SECS.

The expected levels of accuracy at modeling geoelectric fields using SECS-ITF are (1) coherence values
between 0.5 and 0.95, in most of the cases above 0.75 and (2) SNR values between 1 and 15 dB, in most of
the cases above 4 dB. The expected resolution within these ranges of values may depend on the influence
of the local geomagnetic sources during a geomagnetic storm, and on the distance of the site of interest
to the closest magnetic observatory. Sites in close proximity (<100 km) to a magnetic observatory and
affected by a geomagnetic storm dominated by regional signal will provide the most accurate results, while
sites located at further distances from the geomagnetic observatories and affected by a geomagnetic storm
dominated by local effects will be less accurate.

New magnetic measurements at a higher spatial resolution, and new electromagnetic transfer functions
constraining the Earth’s response to magnetic field variations would provide major improvements for
modeling and understanding the geoelectric fields in Ireland and the UK and increase the accuracy when
modeling GICs and evaluating mitigation strategies.
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