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Abstract. We examine the geoelectric field and geomagnetically induced current (GIC) in Northern Europe during the May
2024 superstorm using a recently developed method: The divergence-free part of the geoelectric field (E pr), associated with
rapid magnetic field variations, is estimated from ground-based magnetic field observations using spherical elementary current
systems. The curl-free part of the geoelectric field (E ¢ ), associated with charge accumulation, is estimated from E p using
coefficients that depend on ground conductivity and linearly relate Ecr to Epp in the time domain. We apply the method
to both regional 10 s International Monitor for Auroral Geomagnetic Effects (IMAGE) magnetometer observations and global
1 min SuperMAG observations by adopting a global triangular grid adapted to local magnetometer density. We compare the
resulting GIC in the Finnish benchmark power grid and conclude that, in the absence of ground conductivity information and
higher cadence data, E pr estimated from 1 min magnetic field observations alone can provide a reasonable proxy for GIC
activity in a power grid compared to 10 s geoelectric field. However, polarization of the geoelectric field due to lateral variations
in ground conductivity can produce intense GIC at substations connected to transmission lines traversing regions of enhanced

geoelectric field. GIC at such substations may be poorly described by E pr alone.

1 Introduction

The geoelectric field at the Earth’s surface drives potentially hazardous geomagnetically induced currents (GIC) in grounded
technological conductor networks, such as electric power transmission grids (Pulkkinen et al., 2017). Recently, Rosenqvist
et al. (2025) have analysed a comprensive list of disturbances reported in the Swedish power grid between 1999 and June
2024. They showed a clear increase in the occurrence rate of incidents for high geomagnetic activity. Their list of disturbances
classified as related to GIC includes the Malmo blackout during the October 2003 storm. The most recent occurrence on the
list, disconnection of the SwePol high voltage direct-current link between Sweden and Poland, took place in Karlshamn during
the May 2024 geomagnetic superstorm. Various aspects of the May 2024 storm have been studied for example by Gonzalez-
Esparza et al. (2024); Michelis and Consolini (2025); Fu et al. (2025); Lawrence et al. (2025); Mac Manus et al. (2025); Ohtani
et al. (2025); Piersanti et al. (2025); Weiler et al. (2025). The storm also caused the tripping of a high voltage transformer in

the county of Trgndelag in Norway, without causing any wide spread blackouts (internal communication).
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The time derivative of the ground-based magnetic field (d B /dt) has often been used as a proxy for the GIC risk (Viljanen,
1998; Viljanen et al., 2001). GIC estimates for a fixed configuration of a particular conductor system based on empirical
relations to components of dB/dt or frequency domain filtered components of B have also been widely used (see, e.g.,
Marshall et al., 2011; Kelbert, 2020). A preferable approach, however, is to calculate GIC in the conductor system based on a
known geoelectric field and a direct current model of the system, such as power grid or pipeline (Lehtinen and Pirjola, 1985;
Viljanen et al., 2012; Boteler, 2013; Viljanen et al., 2014; Kelly et al., 2017; Pirjola et al., 2022).

Because dense and continuously operating magnetotelluric (MT) networks are not available (e.g., Kelbert, 2020; Lyon et al.,
2025), the geoelectric field is typically estimated from ground-based magnetic field observations. In first-principle methods
(Honkonen et al., 2018; Rosenqvist and Hall, 2019; Marshalko et al., 2021; Kruglyakov et al., 2022; Marshalko et al., 2023;
Kruglyakov et al., 2023), the external driver, i.e., ground-based magnetic field variations obtained either from observations or
magnetosphere-ionosphere simulations, and the 3-D ground conductivity are given as input, and the geoelectric field is obtained
as a solution to the Maxwell equations. This approach can be computationally expensive but has recently become feasible. The
underlying conductivity model is the source of the largest uncertainty in the resulting geoelectric field. In empirical modelling,
the geoelectric field is typically estimated from ground-based magnetic field observations using 3-D MT impedances (Kelbert
et al., 2017; Love et al., 2018; Lucas et al., 2020; Malone-Leigh et al., 2023). This method requires an implicit plane wave
assumption for the external source and there are issues related to the spatial representativeness of the impedances (Cordell
et al., 2021; Murphy et al., 2021; Malone-Leigh et al., 2024).

A different approach to empirical geoelectric field modelling was recently presented by Juusola et al. (2025b). The technique
is based on separating the geoelectric field on the ground into divergence-free (DF) and curl-free (CF) parts. E pr is associated
with geomagnetic field variations, produced by external electric currents in the ionosphere and magnetosphere and internal

induced telluric currents in the conducting ground, according to Faraday’s law

oB

E ¢ is associated with the electric charge density p, accumulated at ground conductivity gradients, according to Gauss’s law
_ P

V-Ecp=—, 2
€0

where € is the vacuum permittivity. The charge accumulation is driven by E pr according to the requirement of telluric current

continuity. The total geoelectric field is the sum of these two contributions
E=Epr+EcF. (3)

Epr is estimated from ground-based magnetic field observations using spherical elementary current systems (SECS) (Amm,
1997; Amm and Viljanen, 1999; Pulkkinen et al., 2003a, b; McLay and Beggan, 2010; Weygand et al., 2011; Juusola et al.,
2016; Marsal et al., 2017, 2020; Juusola et al., 2020; Laundal et al., 2021; Vanhamiki and Juusola, 2020; Juusola et al.,
2023a, b, 2025b). The only input needed to estimate F pr are magnetic field observations. The ground conductivity naturally

affects the telluric current distribution through p and E ¢, and thus information on the ground conductivity is included in the
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internal geomagnetic variations. The resulting E p r represent the large-scale geoelectric field because small-scale “distortions”
by electric charges have been eliminated. Because no conductivity model is needed in the calculation, the largest uncertainty
is associated with sparse magnetometer coverage. The method preserves spatial variations of the external source and is com-
putationally feasible for near-real time operations as well. In case subsurface conductivity models or MT impedances are not
available, F pr may provide a reasonable substitute to F, since geomagnetic recordings are quite extensively available. The
method produces ionospheric equivalent currents as well, and thus provides information on the external driver. E¢p is esti-
mated from E pr according to a simple linear relationship in the time domain. The conductivity model used in the derivation
of the involved coefficients contributes to the uncertainty of E¢ .

We will apply the Juusola et al. (2025b) method to study the contributions from E pr and E ¢ in driving GIC. Simultaneous
magnetic and electric field measurements have been observed to exhibit orders of magnitude greater spatial variability in the
electric field than in the magnetic field measurements, suggesting that charge accumulation at ground conductivity gradients
plays a key role in governing the spatial variability of the geoelectric field (Kelbert, 2020; Cordell et al., 2025). The charges
can cause partial polarization of the geoelectric field (e.g., Liu et al., 2019) such that its direction can differ greatly from the
direction of the external geoelectric field. Calculating GIC in a power grid involves integration of the geoelectric field along the
power lines. Any transmission lines parallel to the polarization direction will then have larger voltages than lines perpendicular
to the polarization direction (Cordell et al., 2021; Malone-Leigh et al., 2024). Although the geoelectric field structures produced
by charges can be very intense, they also tend to have small scale-sizes, at least in Fennoscandia (Marshalko et al., 2023). To
what extent the smoothing effect of the integration of the geoelectric field might diminish the role of small-scale geoelectric
field structures in driving GIC has not been satisfactorily settled (Kelbert, 2020). Related to this question, we will examine
if Epp can provide a good proxy for general GIC level. We will further develop the equivalent current density and Epp
calculation by replacing the rectangular grid typically used in SECS analysis with a global triangular grid where the grid cell
size and density is adapted to local magnetometer density. Such a grid allows robust derivation of global equivalent current
and E pr maps with more detail produced in areas densely covered by magnetometers and only large-scale features obtained
for areas with few observations. The structure of the study is as follows: the data and methods are described in Section 2, the

results are presented in Section 3 and discussed in Section 4. The conlusions are summarised in Section 5.

2 Data and methods
2.1 Geomagnetic and geoelectric field observations

We have used ground magnetic field measurements from the International Monitor for Auroral Geomagnetic Effects (IMAGE)
magnetometer network (Juusola et al., 2025a) and SuperMAG magnetometer data repository (Gjerloev, 2012). IMAGE is a
regional variometer array located in northern Europe that provides vector magnetic field observations at 10 s cadence. After
correcting the data for any erroneous spikes and jumps, a 10-day sliding median baseline was subtracted from the data. Su-
perMAG provides global observations at 1 min cadence, and the subtracted baseline is described by Gjerloev (2012). IMAGE

magnetometers also provide data to SuperMAG. After the baseline subtraction, the remaining magnetic field variations consist
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of an external part mainly due to ionospheric electric currents but with some magnetospheric contribution as well, and an
internal part due to induced telluric currents in the conducting ground.

The Baltic Electromagnetic Array Research (BEAR) network (Korja et al., 2002) operated in Fennoscandia during June-July
1998 for about 1.5 months, recording magnetic and electric fields in a denser network than IMAGE. We utilize 10 s magnetic
and electric field data from BEAR. From the magnetic field data, the baseline was subtracted similar to IMAGE data. From the

electric field data, the median value of the event was subtracted to account for instrumental offset.
2.2 Equivalent current density and modelled divergence-free geoelectric field

Rapid geomagnetic variations observed by ground-based magnetometers are caused by variations in three-dimensional (3-D)
ionospheric and magnetospheric electric currents above 90 km altitude and by variations in 3-D induced telluric currents below
the Earth’s surface. The three vector components of these magnetic field variations between the ground and the bottom of the
space current region can be conveniently described by two spherical layers of DF sheet currents, called equivalent currents
(Haines and Torta, 1994), placed at the top of the telluric current region (directly below the Earth’s surface) and at the bottom
of the space current region (90 km altitude).

We have used the SECS method (Juusola et al., 2025b) to calculate the ionospheric and telluric equivalent current density
(J ¢¢) and ground E pr from observations of the magnetic field variation. DF 2-D SECS poles were placed at 1 m depth and at
90 km altitude on a global triangular grid adapted to local magnetometer density, as described in Appendix A. Each SECS has
an amplitude (/p ), and these amplitudes were determined by fitting the superposed magnetic field of the SECSs to the three
components of the measured magnetic field (Vanhaméki and Juusola, 2020). The time derivative of the SECS amplitudes was

calculated as

dIpr  Ipp(t) — Ipp(t — At) @
ot At ’

where At is the time step of the data. E pp associated with 0B /0t (Eq. 1) was calculated from 0Ipp /0t as described by
Juusola et al. (2025b, section 2.2). The external part of E p was obtained from the ionospheric 91 p/0t, and the internal part
of Epp was obtained from the telluric 9Ip g /Ot. The total Epr was calculated as a vector sum of the external and internal
parts.

Figure la—c shows examples of the ionospheric equivalent current density J., and ground Epr derived from BEAR,
IMAGE, and SuperMAG magnetometer observations on 26 June 1998 at 03:23:00 UT. In June 1998, IMAGE network was
very sparse, consisting only of 21 stations. The number of IMAGE stations has increased over the years, and reached 56 in the
latest expansion in October 2022. The number of stations providing data to SuperMAG has increased since 1998 as well. In
each panel of Fig. 1, the key arrow length has been set according to the maximum value in each plot. Despite the differences in
station distribution, the J., and E pr patterns and amplitudes in Fennoscandia are quite similar in Fig. 1a—c and in Fig. 1d—e.
The amplitude of SuperMAG E pr (Fig. 1f) is somewhat lower than those of IMAGE and BEAR Epr (Fig. 1d—e), due to
being derived from 1 min instead of 10 s data (cf. Pulkkinen et al., 2006). In summary, Fig. 1 demonstrates that the combination

of the SECS method and adaptable triangular grid is scalable to different magnetometer configurations.
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Figure 1. (a): Ionospheric equivalent current density (J cq, arrows) and its curl ((V X Jeq)r, color) on 26 June 1998 at 03:23:00 UT, derived
from 10 s BEAR magnetometer observations (red dots). (b): J., derived from 10 s IMAGE magnetometer observations. (c): J., derived
from 1 min SuperMAG magnetometer observations. (d): Divergence-free part of the electric field on the ground (E pr, arrows) and its curl
((V x Epr)r, color), derived from BEAR magnetometer observations. (e): Epr derived from IMAGE observations. (f): Epr derived

from SuperMAG observations. The scale arrow shows the maximum value of the quantity of each plot.

2.3 Modelled total geoelectric field

In addition to Epr (Eq. 1), the total geoelectric field at the Earth’s surface includes Ecr (Eq. 2-3), created by charge
accumulation at ground conductivity gradients. Whereas E pr can be calculated without any direct information on ground

conductivity, such information is required for deriving E ¢ r. We use the method derived by Juusola et al. (2025b), where Ecr

|
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Ground (V x Epf), [mV km~—2]
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is assumed to be proportional to Epr

ECF,{L’(t7T = RE79a¢) = kzx(r = RE797¢)EDF,z(t7T = REa97¢) + kzy('r = RE797¢)EDF,y(tuT = REvea(b) (5)
ECF,y(t»T = RE79,¢) = kyy(r = RE797¢)EDF,y(t,T = RE79,¢) + kya:(r = REaead))EDF,:L‘(tvr = RE797¢)7 (6)

where ¢ is time, r is radius, R is Earth radius, 6 is colatitude, and ¢ is longitude. Juusola et al. (2025b) derived the proportional-
ity coefficients k for Fennoscandia using the PGIEM2G (Polynomial Galerkin Integral Equation Modelling in ElectroMagnetic
Geophysics) (Kruglyakov and Kuvshinov, 2018) induction code and the SMAP (Korja et al., 2002) 3-D ground conductivity
model. Juusola et al. (2025b) provide the coefficients on a rectanglar grid with 0.03° x 0.07° resolution in latitudinal and lon-
gitudinal directions. In order to estimate E -y based on Eq. 5-6, the SECS method output E pr was calculated for this grid.
This grid was used for all GIC estimations based on IMAGE data (section 2.5).

As an example, in Figures 2 and 3 the modelled geoelectric field is compared to measurements. The figures show the south
(Ey, Fig. 2) and east (Ey, Fig. 3) component of the geoelectric field at the Earth’s surface on 26 June 1998 between 00:00:00
and 06:00:00 UT. The measured electric field at station B31 of the BEAR network is shown in blue, Epr ¢ estimated from
BEAR (Fig. 2a and Fig. 3a), IMAGE (Fig. 2b and Fig. 3b), or SuperMAG (Fig. 2c and Fig. 3c) magnetometer measurements
using the SECS method are shown in black, and the total modelled Ey, estimated from E pr using Eq. 5-6 is shown in red.
The epoch of the maximum value for each curve is indicated by the labeled vertical line.

Direct comparison of measured and modelled geoelectric fields is often tricky. The electric charge distribution, which can
include localized small-scale temporally varying structures driven by E pr, can contribute significantly to the observed values
(e.g., Malone-Leigh et al., 2024). Such structures may be too small-scale to be described by the conductivity model (Korja
et al., 2002) and thus are not included in the modelled total geoelectric field. Furthermore, the measured electric field data
are often noisy (Lyon et al., 2025). In case of the BEAR data, there is also some ambiguity, due to unclear documentation,
on the coordinate system of the data, i.e., whether the measured geoelectric field components are provided in geographic or
local magnetic coordinates. Fortunately, the difference is small in Fennoscandia, and the data have been used successfully by,
e.g., Viljanen et al. (2004) and Vanhaméaki et al. (2013). Here, we have selected the station B31, for which the contribution
to the electric field from charges is small according to the small difference between the black and red curves in Fig. 2 and 3.
Despite the above-mentioned challenges, the measured and modelled geoelectric field values show reasonably good agreement.
Visually, the best agreement is obtained using the dense BEAR magnetometer network, but the sparse IMAGE network provides
very similar values. The agreement between B31 and SuperMAG modelling suffers somewhat from the lower cadence of the

SuperMAG data even when B31 data are averaged to 1 min values.
2.4 Geoelectric field at Nagycenk, Hungary

In order to demonstrate the applicability of the estimated E pr to areas outside of Fennoscandia, we need geoelectric field
observations for comparison. Unlike most locations, 1-D modelling of the geoelectric field at Nagycenk (NCK; 47.63¢ latitude
and 16.72¢ longitude) has been shown to reproduce the measured geoelectric field very well (Viljanen et al., 2012). Unlike 3-D

modelling, 1-D modelling assumes that there are only conductivity variations in the vertical direction. We take advantage of
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this property to produce a geoelectric field time series to be compared with E p i estimated from SuperMAG data. The validity
of the 1-D assumption does not necessarily mean that E ¢ in the region is non-zero, but it means that the geoelectric field
is not polarized. E ¢ could still significantly affect the amplitude of the local geoelectric field when compared to Epp. As
input to the 1-D modelling, a time series of the local magnetic field as well as a 1-D ground conductivity model are needed.
We have extracted the magnetic field time series at NCK from the SuperMAG data set. The 1-D ground conductivity model
consists of three layers: thicknesses 3 km and 57 km above an infinitely deep layer with resistivities (inverse of conductivity)

of 5, 1000, and 10 2m, respectively.
25 GIC

We have used the method described by Viljanen et al. (2012) to estimate GIC in the Finnish benchmark power grid, which
is the old Finnish 400 kV power grid used in 1978-1979. The benchmark power grid is described in detail by Viljanen et al.
(2012). The present Finnish power grid is much more complex than the benchmark grid, with several tens of substations and
many more power lines. The grounding resistances of the benchmark power grid were also much smaller than those of the
present grid, allowing for significantly more intense GIC.

There is one significant difference between Viljanen et al. (2012) and our GIC calculation: when calculating the voltage V'

in the power line between substations j and ¢ as a line integral of the horizontal geoelectric field 2
Vii= / E-dr, )
J

Viljanen et al. (2012) approximated E by a constant value, the mean of the field components parallel to the great circle at
the end points j and 7 (see Figure A.1 in Viljanen et al. (2012) for an illustration). The shortest distance between two points
on a sphere is along a great circle. A great circle is formed at the intersection of the spherical surface and a plane through
the centre of the sphere. The assumption of constant E along a power line is not valid when the geoelectric field varies over
distance scales similar or shorter than the power line lengths. Unlike the 1-D geoelectric field used by Viljanen et al. (2012),
the 3-D geoelectric field we have used, and especially E ¢, typically contains such structures. Thus, we have assumed that
the geoelectric field remains constant only within each geoelectric field output grid cell, both for the triangular and rectangular
grid. The grid cell edges and power lines were assumed to follow great circle arcs. Their intersection points were found by
calculating the normalized cross product between the normal vectors of the two great circle planes, and by selecting the point
located along the power line. This was done by comparing the sum of the two arc lengths, defined by the ends of the power
line and the crossing point, to the length of the power line. This is illustrated in Figure 4. Any power lines that are not straight
lines between two substations but have more complex structure can be described by adding virtual substations with infinite
grounding resistances to locations where the power line changes direction.

As an example, Fig. 5 displays the GIC in the Finnish benchmark power grid on 26 June 1998 at 03:23:00 UT as driven by
the total electric field estimated from BEAR magnetometer data using the SECS methods and Eq. 5-6. The total electric field

in the grid area is shown by the orange arrows (only every 10th arrow is shown for clarity) and its intensity by the background
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color. The powerlines are shown in black, and the black arrows with labels in the middle of each line indicate the amplitude
and direction of current in each powerline. The labelled circles illustrate the amplitude of the current entering and leaving the
power grid at each named substation. Blue color indicates current direction from ground to power grid and red color from
power grid to ground. The size of the symbol at each substation is scaled according to the amplitude of GIC. Similarly, the

relative thickness of the powerlines indicates the amplitude of current flow in the line.
2.6 Solar wind observations and SYM-H index

In order to discuss external drivers of GIC peaks, solar wind data from Magnetospheric Multiscale (MMS) mission (Burch
et al., 2016), obtained via the MMS Science Data Center (Burch et al., 2025), were used. At the time of interest (10 May 2024
at 22:29 UT), MMS was located in the solar wind upstream of the Earth at Geocentric Solar Magnetospheric (GSM) coordinates
xr =12, y = —15, and z = —13 Rg. We obtained ion moments data from the Fast Plasma Investigation (FPI) (Pollock et al.,
2016) instrument and calculated the solar wind dynamic pressure from the ion number density and ion bulk velocity. It should
be noted that MMS ion moment data are not optimal for solar wind observations. However, we only use the data to time the
arrival of solar wind structures previously identified in solar wind observatory data (e.g., Wallner et al., 2026). SYM-H index
data (World Data Center for Geomagnetism, Kyoto et al., 2022), used to detect the arrival time of the solar wind dynamic

pressure structure observed by MMS, were obtained via the World Data Center for Geomagnetism, Kyoto.

3 Results

Figure 6 provides an overview of the May 2024 geomagnetic storm. It shows latitude profiles of the east component of the
ionospheric equivalent current density, derived from IMAGE data using the SECS method, at 23.9° longitude between 10 May
2024 12:00 UT and 12 May 2024 12:00 UT. The selected longitude is located in the middle of the Finnish benchmark power
grid. The storm onset occurred on 10 May 2024 at ~17:08 UT (Lawrence et al., 2025). The two-hour time interval on 10
May 2024 between 21:30 and 23:30 UT, selected for further analysis, is indicated by the vertical dashed lines. The interval
was centered around 22:29 UT, the time of the Karlshamn GIC incident (Rosenqvist et al., 2025; Wallner et al., 2026). The
selected interval is characterised by the most southward extent of the westward electrojet (blue) during the storm. Poleward
of the electrojet, the polar cap return current shows as eastward (red) equivalent current density. Solar wind observation and

geomagnetic index context for the event have been shown previously by Wallner et al. (e.g., 2026).
3.1 GIC in the Finnish benchmark power grid

Table 1 shows the times of the largest GIC values at the substations of the Finnish benchmark power grid on 10 May 2024
between 21:30 and 23:30 UT. The values in the three columns of Table 1 have been calculated using the total geoelectric
field and the DF component of the geoelectric field estimated from 10 s IMAGE observations and the DF component of the

geoelectric field estimated from 1 min averaged IMAGE observation. We have used 1 min averaged IMAGE data instead
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of 1 min SuperMAG data to keep the station configuration identical for both cadences. A different station configuration can
produce slightly different results, and here we wish to isolate on the effect of the cadence.

The majority of the peak values calculated from 10 s | E| data and all peak values calculated from 10 s | Ep r| data occurred
at 22:35:20-40 UT (blue color in Table 1), followed by 22:29:30-40 UT (red color in Table 1), coincident with the Karlshamn
GIC incident. The largest value (426.1 A) of the entire interval, calculated from E, took place at the southernmost substation,
Inkoo, at 22:29:40 UT. As a reference, the most intense GIC measured in the Finnish power grid is 200 A (1 min average) at
Rauma on 24 March 1991 (Viljanen and Pirjola, 1994). During the same geomagnetic storm, 175 A (10 s value) was measured
at Pirttikoski. On 4 January 1979, 165 A (10 s value) was measured at Huutokoski. These values are in reasonable agreement
with those in Table 1.

For the substations Hyvinkid, Olkiluoto, and Ulvila, the peak time calculated from E data occurred at 22:29:30-40 UT,
but Epr gave the peak between 22:35:20-40 UT. All these stations are located north of the region in southern Finland where
relatively low ground conductivity tends to cause an intense electric field (Fig. 7d). Nurmijirvi is located at the same longitude
as Hyvinkdd and only 0.1° in latitude south of it but showed opposite behavior in peak value timing: E gave the peak time
at 22:34:20 UT and Epp at 22:29:30 UT. However, the power grid geometry is different for the two substations: Hyvinkdi
is connected to Inkoo, Kangasala, and Nurmijéarvi and Nurmijérvi is further connected to Loviisa. Most of the peak times
calculated from 1 min data (last column) agree with their 10 s counterparts. The amplitudes are slightly weaker, as expected.

Figure 7a shows a time series of GIC at Inkoo substation, which had the largest peak value in Table 1. Inkoo is the single
substation located at the southernmost tip of the Finnish benchmark power grid. This means that for north-south directed
geoelectric field, GIC flowing across the power grid tend to funnel to Inkoo, resulting in relatively intense GIC flowing between
the power grid and ground there. The different curves in Fig. 7a have been calculated using the total geoelectric field (red) and
the DF component of the geoelectric field estimated from 10 s IMAGE observations (black) and using the DF component of
the geoelectric field estimated from 1 min averaged IMAGE observations (blue). The peak times and amplitudes are indicated
by vertical, labeled lines. At Inkoo, the direction of GIC is determined by E p, but the total geoelectric field gives larger
amplitudes. It should be noted that the amplitudes given by E can be overestimated because of the inaccuracy of the ground
conductivity model (Marshalko et al., 2023). Despite giving slightly different peak epochs, the GIC calculated using Epp
from 10 s and from 1 min observations produce quite similar results, considering the occasionally considerable difference
of 10 s and 1 min magnetic field time derivative amplitudes (cf. Juusola et al., 2023a, Figure 14). This is in agreement with
previous results, according to which the relative difference is larger for d B /dt than for the geoelectric field (Pulkkinen et al.,
2006; Grawe et al., 2018). The reason is that differentiation strongly amplifies the high-frequency content of the magnetic field
variations, a significant portion of which is lost at 1 min sampling rate. The geoelectric field, on the other hand, is an inductive,
conductivity-filtered response dominated by longer periods and therefore much less sensitive to the sampling rate.

Figure 7b shows a map of GIC in the Finnish benchmark power grid on 10 May 2024 at 22:29:40 UT in the same format as
Fig. 5, calculated using EEppr from 10 s IMAGE observations. The structure of E pr is too large-scale to show any significant
variations across the power grid. The direction of E p is northward, thus driving GIC from the ground into the power grid at

the southern substations and from the power grid into the ground at northern substations. The largest GIC occur at the edges
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Table 1. Times and the most intense GIC values at the substations of the Finnish benchmark power grid on 10 May 2024 between 21:30 and
23:30 UT. The values in the three columns have been calculated using the total geoelectric field and the DF component of the geoelectric field
estimated from 10 s IMAGE observations and the DF component of the geoelectric field estimated from 60 s averaged IMAGE observations.
Times between 22:29:30 and 40 in 10 s data and the corresponding 22:30:00 UT in 1 min data are shown in red and times between 22:35:20
and 40 in 10 s data and the corresponding 22:36:00 UT in 1 min data are shown in blue. The largest GIC in each column is highlighted in

bold.

IMAGE 10s E IMAGE 10s Epr IMAGE60s Epr
Substation UT (GIC [A]) UT (GIC [A]) UT (GIC [A])
Alajarvi 22:35:40 (-125.3)  22:35:40 (-36.4) 22:29:00 (23.3)
Alapitka 22:35:30 (-31.1) 22:35:20 (58.0) 22:36:00 (42.2)
Huutokoski ~ 22:35:30 (295.0)  22:35:30 (187.9) 22:36:00 (120.8)
Hyvink&d 22:29:40 (130.6)  22:35:40 (28.0) 22:29:00 (-15.9)
Inkoo 22:29:40 (-426.1)  22:29:30 (-134.9) 22:30:00 (-97.0)
Kangasala 22:34:20 (-21.2) 22:35:20 (-52.3) 22:36:00 (-40.8)
Koria 22:35:20 (25.8) 22:35:30 (84.3) 22:36:00 (47.3)
Letsi 22:35:30 (-208.8)  22:35:30 (-218.2)  22:36:00 (-167.8)
Lieto 22:35:20 (-112.7)  22:35:20 (-75.3) 22:30:00 (-45.2)
Loviisa 22:31:50 (273.7)  22:35:40 (134.0) 22:38:00 (-75.9)
Messaure 22:35:40 (-116.2)  22:35:30 (-157.7) 22:36:00 (-104.9)
Nurmijérvi 22:34:20 (-15.8) 22:29:30 (-36.1) 22:30:00 (-23.7)
Olkiluoto 22:29:30 (156.8)  22:35:20 (-170.6) 22:36:00 (-129.5)
Petdjdaskoski  22:31:50 (-140.4)  22:29:30 (101.2) 22:41:00 (-67.5)
Pikkarala 22:40:50 (62.2) 22:35:20 (157.1) 22:36:00 (98.2)
Pirttikoski 22:35:20 (227.1)  22:35:20 (182.0) 22:36:00 (111.4)
Ulvila 22:29:30 (60.2) 22:35:30 (-35.6) 22:36:00 (-27.2)

of the network, as determined by the direction of Epr, i.e., at the southernmost and northernmost substations, whereas the
substations in the middle of the network tend to have relatively weak GIC, in agreement with Viljanen et al. (2012).

Figure 7c and 7d are otherwise similar to Fig. 7b except that E¢-r and E are used instead of E . The substation symbol
sizes and power line widths in the three panels have been scaled to be comparable. E ¢ modifies the large-scale GIC driven
by E pr by adding smaller-scale structure to it. The direction of the GIC across the network driven by E remains more or less
the same as that driven by E p . However, especially the region of low conductivity in southern Finland, characterised by high
Ecr and E, enhances the GIC flowing into the power grid at Inkoo, and out of the power grid at Olkiluoto and Hyvinkii,
located north of the region of intense E. In addition to the low conductivity, nearby conductivity gradients contribute to the

intense F in southern Finland.
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Figure 8a illustrates the GIC activity in the power grid during the two hour interval according to the sum of the absolute
values of GIC at all substations in a format similar to Fig. 7a. Without the absolute value the sum would be zero as the amount
of current entering and leaving the network must be equal. The GIC sums calculated using 10 s E or Epr follow each other
relatively well, although occasionally the amplitude given by E pr is weaker than that given by E. For example, this is the
case at 22:29:30—40 UT, when E pr was northward and the conductivity structure in southern Finland strongly amplified the
GIC in this region. On the other hand, at 22:35:20-40 UT when E pr was mainly westward (not shown), the GIC sums given
by 10 s E or Epf are almost equal. The GIC sum calculated from 1 min E p gives a relatively good indication of enhanced
GIC levels.

The effect of Epr direction on the intensification of the GIC by E ¢ is illustrated in Fig. 8c, which shows the relative
GIC sum calculated using E and Epr as a function of average E pp direction in the network area. For southward (0°) and
northward E pr (£180°), the GIC sum calculated using E is about twice as large as as that calculated using E pr, while for
eastward (90°) and westward (—90°) E p, the sums are almost equal. The main reason for this is the area in southern Finland,
where the geoelectric field is strongly amplified for northward and southward E pr (cf. Juusola et al., 2025b, Figure 15). This
is also illustrated by Fig. 8b and 8d, which are otherwise the same as Fig. 8a and 8c, except that the power grid has been shifted
1° northward in latitude, placing Inkoo well north of the critical area (cf. Fig. 7d). Now the GIC sums calculated using Epr

and F are almost equal and the direction of E pr has much less effect on the relative GIC sum.
3.2 Norwegian coast

As we have seen, even a relatively small area where the geoelectric field is strongly amplified by E ¢ can significantly affect
GIC at the nearby substations. Even stronger geoelectric field amplification than in southern Finland occurs at the Norwegian
coast (cf. Juusola et al., 2025b, Figure 15). We will examine the effect on GIC by shifting the Finnish grid such that Olkiluoto
substation is moved to 64.5° latitude and 11.5° longitude, keeping the power grid geometry intact. As illustrated by Fig. 9,
this places Olkiluoto on the coast in the region of strongly enhanced geoelectric field such that the line between Olkiluoto
and Lieto bridges the coastal enhancement and ends just outside of it. Fig. 9 illustrates the strong enhancement of the GIC
calculated using E instead of Epp. The strongest E occurs when Epr is directed perpendicular to the coast (Fig. 9b), as
expected (cf. Juusola et al., 2025b, Figure 15). This is further illustrated by Figure 10, in a format similar to Fig. 8b and 8d. For
the Norwegian coast, the GIC sum calculated using E can be three times larger than that calculated using Epr, when Epp
is directed perpedicular to the coastline (E pr direction angles —120° and 60°). For E p directed parallel to the coast line
(—30° and 150°), the GIC sums are nearly equal.

As mentioned in the Introduction, a transformer in mid-Norway, close to the location of the shifted Olkiluoto station, tripped
during the May 2024 geomagnetic storm. However, this occurred much later than the time interval studied here, on the morning
of 11 May 2024, between 4 and 5 UT. It is likely that, since the Norwegian power grid in this region is purely following the
coast, the geoelectric field component along the transmission line was not sufficiently intense to create GIC strong enough to

produce any effects during the time interval studied here as opposed to the morning of 11 May.
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Thus, we can conclude that, in the absence of ground conductivity information and higher-cadence magnetic field obser-
vations, 1 min magnetic field data alone can provide a reasonable proxy for GIC activity in a power grid. However, some
substations are strongly affected by local ground conductivity gradient structures and the GIC amplitude at such substations

may be poorly described by Epp.
3.3 Drivers of geoelectric field peaks in Northern Europe

Figure 11 shows the ionospheric equivalent current density (J ¢4, Fig. 11a), its time derivative (Fig. 11b), corresponding external
E pr on the ground (Fig. 11c¢), telluric current density (Fig. 11d), its time derivative (Fig. 11e), corresponding internal Epr
on the ground (Fig. 11f), and total Epr on the ground (Fig. 11g) at the time of the Inkoo GIC peak on 10 May 2024 at
22:29:40 UT. The maps have been derived from 10 s IMAGE magnetometer observations, indicated by red dots on the map. In
areas where the magnetometer density is small, the equivalent current only gives a rough indication of the large-scale currents.
The GIC peak time was characterised by an intense (maximum value > 2000 Akm~!) westward electrojet over southern
Finland and Sweden. This is an exceptionally southern location for the electrojet, which under nominal conditions is generally
located poleward of about 63° N (Ritter et al., 2004).

There is a southward undulation in the electrojet between Sweden and Finland, and the external E pr (Fig. 11c¢) is directed
northward, opposing the deepening of the undulation (Fig. 11b). The telluric equivalent current density (Fig. 11d) is mainly
directed opposite to the ionospheric equivalent current density but the internal part of Epp (Fig. 11f) associated with its
temporal variations (Fig. 11e) is clearly weaker than the external Epr. Thus, the total Eppr (Fig. 11g) is dominated by the
external component. The associated ionospheric equivalent current dynamics are further discussed by Wallner et al. (2026).

Figure 12 shows similar plots for 10 May 2024 at 22:35:30 UT, which was the time when the largest GIC peak was observed
in the power grid shifted to the Norwegian coast. The equivalent current (Fig. 12a) amplitude is somewhat larger than in Fig. 11,
but the distribution remains quite similar. Now the external E pr (Fig. 12c) opposes the general strengthening of the equivalent

current density (Fig. 12b). The total Epr (Fig. 12g) is again only slightly modified by the internal E pr (Fig. 12f).
3.4 Drivers of geoelectric field peaks in Central Europe

Figure 13 compares the external part of E pp calculated from 1 min SuperMAG data to the modelled 1-D geoelectric field
E p at Nagycenk (NCK), Hungary, on 10 May 2024 at 15:00:00-23:59:00 UT. This interval covers the beginning of the storm
as well as the two-hour period around the Karlshamn incident. We have used E p r ¢, instead of Epr, because in this region
the magnetometer density is not dense enough to properly describe the internal part of E pr, which typically contains smaller-
scale structures than the external part of Ep, especially south of the auroral region (see the location of NCK with respect to
the auroral electrojets in Figure 14a and d).

The validity of the 1-D assumption at NCK (Viljanen et al., 2012) indicates that the geoelectric field is not polarized.
However, the relatively high conductivity (section 2.4) still markedly weakens the geoelectric field amplitude compared to
Epr, and especially to Epp c.:, because Epp iy 1S typically oppositely directed to Epp es¢, resulting in a total Epp

that is much weaker in amplitude than either Epg .t of Eprin: (Juusola et al., 2025b). To compensate for this, we have
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determined the k coefficients of Eq. 5-6 by a least squares fit of Epg ¢y to E1p from 10 May 2024 12:00:00 UT to 12 May
2024 11:59:00 UT. The resulting values are: b, = —0.953, k, = 0.007, ky, = —0.963, and k,, = 0.016. Fig. 13a—b show a
reasonable agreement between Epr .,¢ and E;p time development. Because E pr ;¢ amplitudes are much larger than those
of E1p or E estimated from E pr ., using the above coefficients, we have scaled E pp ..+ in Fig. 13 such that the median of
|E preqt| becomes equal to the median of | Eqp| for the two day interval.

The most pronounced features in Fig. 13 are the peaks at the storm sudden commencement at 17:07:00 UT and the bipolar
Ey variation (Fig. 13a) with the maximum |Ep| (Fig. 13¢) at 22:36:00 UT. The storm sudden commencement peak due to
an interplanetary shock arrival was characterized by a strong sudden increase of the magnetopause and ring currents (Piersanti
et al., 2025). Global ionospheric current density, its time derivative, and the external ground DF geoelectric field on 10 May
2024 at 17:07:00, derived from global 1 min SuperMAG data are shown in Figure 14a—c. The ionospheric equivalent current
pattern (Fig. 14a) is undergoing a transition from pre-shock to post-shock state and its time derivative (Fig. 14b) illustrates the
increasing magnetopause current (eastward pointing arrows) at lower latitudes and the appearance of a double vortex pattern at
higher latitudes over North America. The associated external DF electric field on the ground (Fig. 14c) naturally opposes these
changes, producing the intense peak of mainly westward electric field in Europe.

The total geoelectric field estimated across Britain reached its storm maximum value at 22:36:00 UT (Lawrence et al., 2025),
simultaneously with the NCK | E p| peak. Such large-scale dynamics indicate a solar wind driver (Pulkkinen et al., 2003c) as
well. In order to examine this further, Figure 15 shows solar wind dynamic pressure observed by the MMSI1 satellite, located
in the solar wind upstream of the Earth. The peak around 22:35 UT has been previously identified from Wind spacecraft ion
density observations by Wallner et al. (2026). The SYM-H index, according to the right hand side axis, is also shown in the
panel. The MMS1 data have been delayed by 197 s to match the peak times of the dynamic pressure and SYM-H. The epoch
22:36:00 UT is indicated with a vertical line. Clearly, it was part of the geoelectric field response to a transient solar wind
dynamic pressure increase.

The equivalent current distribution in Fig. 14d shows the two-cell convection pattern with the eastward electrojet in the
dusk sector, the westward electrojet in the dawn sector, and antisunward return current across the polar cap. More detail and
larger amplitudes can be discerned in areas more densely covered by magnetometers (red dots) whereas sparsely covered areas
only show coarse large-scale features. Compared to Fig. 1c, which took place under more moderate geomagnetic activity,
the electrojets in Fig. 14a have expanded to significantly lower latitudes. The external Eppr (Fig. 14f) opposes the changes
in the ionospheric (Fig. 14e) equivalent currents. These changes include a weakening magnetopause current, represented as
large-scale westward ionospheric dJ ., /dt and eastward external F pp on the dayside, as a response to weakening solar wind
dynamic pressure (Fig. 15). The peak GIC at the benchmark power grid shifted to the Norwegian coast also took place during

the same dynamic pressure weakening (Fig. 12).
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4 Discussion
4.1 Recipe for intense GIC

We have examined the contributions from Epr and Ecp to GIC, using the Finnish benchmark power grid as an example.
E pr, which is associated with d B /dt and can thus be obtained from ground-based magnetometer network observations alone,
tends to be spatially relatively smooth. Deriving E - requires additional information on the ground conductivity distribution.
Compared to Epr, Ecr tends to contain structures that are much smaller in spatial scale, but can be much more intense. The
reason is that the external currents that create the external E p  are located at least 90 km above the observer and, consequently,
any small-scale structures are attenuated on the ground (Untiedt and Baumjohann, 1993). The telluric currents that create the
internal part of F pr may flow very close to the observer, but nonetheless they are more smoothly spread out in the conducting
ground than the charges that are strongly concentrated at conductivity gradients and thus create the highly structured E . We
found that while E'p ¢ determines the overall direction and level of GIC activity in the power grid, E ¢ r can produce localized
enhancements that can significantly modify the GIC amplitudes at nearby substations for certain directions of the Ep .

Epr comprises an external part due to time-varying ionospheric and magnetospheric currents and an internal part due to
time-varying telluric currents. These two contributions tend to be oppositely oriented with comparable amplitudes, typically
resulting in a small residual Epp that is much weaker in amplitude than either the external or internal part alone (Juusola
et al., 2025b). In our examples, GIC peaks occurred at times when the internal and external part were “out of phase”, i.e., one
component was strongly suppressed compared to the other, resulting in a strong peak in the total E p . Intense total E further
required that E'pr was optimally directed with respect to any potentially intensifying conductivity gradient structures in the
area, and intense GIC that the intense E was optimally directed with respect to the power grid geometry, i.e., an intense field
along the power lines. The significant role of ground conductivity is in line with the important observation of Love et al. (2022)
that latitude-dependent organization of geoelectric hazards by auroral-zone electrojet currents, although detectable, is much

weaker than geographic organization due to surface impedance.
4.2 Usefulness and weaknesses of global J., and E pr maps

The SECS method has been widely used in the past to determine regional ionospheric equivalent current distributions from
regional ground-based magnetometer network observations (e.g., Pulkkinen et al., 2003a; Weygand et al., 2011). The method
has the advantage that the spatial resolution of the solution can be adapted to the local observation density (e.g., Weygand
etal., 2011), although this feature has not been very extensively exploited in the past. Globally, the magnetometer distribution is
highly non-uniform. Optimal analysis of such data requires that in areas where the magnetometer coverage is dense, the solution
can also contain smaller scale structures and in areas where the magnetometer coverage is sparse, only large-scale structures
can be modelled. We have demonstrated how using the SECS method with a global triangular grid adapted to magnetometer
density allows estimating the global distribution of J., and E pr from SuperMAG magnetometer data. Previous applications
of the SECS method, including the global J., maps derived by Huttunen et al. (2002) for one event, have typically used

rectangular grids.
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At high latitudes, ionospheric equivalent current density at 90 km altitude can be interpreted as the DF part of the horizontal
ionospheric current density. A general approach for deriving global maps of J ., has been to obtain a proxy by simply rotating
ground-based horizontal magnetic field variations 90° (e.g., Gjeloev, 2025). Benkevitch et al. (2006) has shown that there
is a reasonable agreement in direction (within 45 degrees) between such “magnetic equivalent convection” and SuperDARN
convection vectors. This was further elaborated by Weygand et al. (2011) using the SECS technique. The rotation of the
magnetic field vectors, however, does not separate the internal and external contributions and retains the unit of magnetic
field instead of current density. Combining J pr with J o derived, for example, from Active Magnetosphere and Planetary
Electrodynamics Response Experiment (AMPERE; Anderson et al., 2002) field-aligned current data products, yields the total
ionospheric horizontal current density. Including global Super Dual Auroral Radar Network (SuperDARN; Chisham et al.,
2007) potential electric field maps allows, for example, global estimates of Joule heating to be calculated (Green et al., 2007).
An alternative approach would be to combine the global ionospheric J pr and Epr with global conductance maps, estimated
from satellite images or empirical models, and solving for the complete set of ionospheric electrodynamical parameters (Juusola
et al., 2025¢). The DF ionospheric horizontal current density can also be valuable for placing other local observations, such as
auroral emission or scintillation, into context within the large-scale auroral electrojets (e.g., Jacobsen et al., 2025).

We have shown that the SECS method can produce an Epp time series that has a reasonably good agreement with an
observed E, both in direction and amplitude. In areas where the magnetometer density is sparse, however, any structures of
E pr smaller than the magnetometer network spacing will not be properly described due to the long range of E pr compared
to dB/dt (Juusola et al., 2025b). In central Europe, the magnetometer density is much lower than in northern Europe. Central
Europe is typically located in the subauroral region, where the external E pr is expected to be smoother than in the auroral
region due to the generally greater distance to the driving current systems. A sparse magnetometer network will not be able to
resolve such features in detail, introducing error to the resulting E pr. This problem can be partially mitigated by examining
the external part of the Epr alone, as we have demonstrated in section 3.4. A strength of our method is that in addition to
the geoelectric field, it also gives the equivalent currents and thus provides information on the external driver, as we have
demonstarted in this study.

As we have shown, E - can have a very strong, although typically relatively localized, effect on GIC. The localized nature
of E enhancements due to E ¢ is also discussed by Viljanen et al. (2026). While the conductivity model available for central
Europe (Alekseev et al., 2015) is relatively coarse, combined with a recent global 3-D conductivity model of the world ocean
and marine sediments (Grayver, 2021) would still allow including the coast effect due to ocean-land conductivity contrasts, as
was done in Portugal (Ribeiro et al., 2021) before a field measurement campaign was carried out to complete a 50 x 50 km

grid of MT soundings over the whole territory (Ribeiro et al., 2023).

5 Conclusions

We have applied spherical elementary current systems on a triangular grid adapted to local magnetometer density to calculate

regional and global ionospheric and telluric equivalent currents and geoelectric fields from 10 s IMAGE and 1 min SuperMAG
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magnetometer observations during the May 2024 geomagnetic superstorm. The roles of different geoelectric field contributions
in driving GIC were assessed by calculating the resulting GIC in the Finnish benchmark power grid. The most intense GIC
peak in the Finnish benchmark power grid during a two-hour interval of the storms coincided with a recorded GIC incident in

Karlshamn, Sweden (Rosenqyvist et al., 2025). Our conclusions are the following:

1. In the absence of ground conductivity information, the divergence-free geoelectric field (E pr) estimated from variation

magnetic field observations alone can provide a reasonable proxy for GIC activity in a power grid.

2. In the absence of higher-cadence magnetic field observations, 1 min data provides a reasonable estimate for Epp, in

agreement with Pulkkinen et al. (2006) and Grawe et al. (2018).

3. Polarization of the geoelectric field due to lateral variations in ground conductivity can produce intense GIC (e.g., three-
fold compared to E pr) at substations connected to transmission lines traversing regions of enhanced geoelectric field.

GIC at such substations may be poorly described by E pr alone.

4. Adopting the adaptable triangular grid for the SECS method provides a robust tool for optimal analysis of ground-based

magnetometer data, scalabale to both regional and global magnetometer distributions.

Because E pr is much smoother spatially than E, and fast to calculate, it could also be useful as a tool for assessing long-
term GIC risks. Whereas FE can vary by orders of magnitude at a given time within the area covered by a power grid, for
example, ¥ pr can remain more or less constant, allowing more straightforward comparison of the effective geoelectric field

at different times.

Code and data availability. IMAGE (Juusola et al., 2025a), SuperMAG (Gjeloev, 2025), MMS (Burch et al., 2025) data are freely available.
The SYM-H index used in this paper was provided by the WDC for Geomagnetism, Kyoto (https://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html).
The code for the SECS method is available as a supplement to Vanhaméki and Juusola (2020). A python code for creating a triangular grid
is available at Zenodo (Honkonen, 2025). BEAR data are available via the EPOS portal https://www.ics-c.epos-eu.org/.

Appendix A: Triangular grid

Al Basic grid

We use the following procedure for creating the triangular grid: We start with a regular icosahedron with edge length of 1,
consisting of 20 triangular cells and represented by 12 vertices at the following Cartesian coordinates (e.g., Steeb et al., 2012):
(0,461, 41), (£~ 1,£1,0), (£1,0,+6~1), where ¢ = (1 ++/5)/2 is the golden ratio. We then rotate the grid by the angle
tan~—! — ¢ about the y axis with the resulting vertex coordinates listed in Table Al. A triangular cell is refined by replacing it

with four smaller cells with the new vertices evenly subdiving the original cell’s edges and with same radius as other vertices.
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Table A1. Cartesian coordinates of the initial triangular grid’s vertices.

X y z
0.0000  0.0000  1.1756
0.6180  0.8507  0.5257
-0.6180 0.8507  0.5257
1.0000  -0.3249 0.5257
-1.0000 -0.3249  0.5257
0.0000  -1.0515 0.5257
0.0000  1.0515  -0.5257
1.0000  0.3249  -0.5257
-1.0000 0.3249  -0.5257
0.6180  -0.8507 -0.5257
-0.6180 -0.8507 -0.5257
0.0000  0.0000 -1.1756

A2 Adaptation to magnetometer density

A triangular grid adapted to the magnetometer density was used for the DF SECS poles. The grid was constructed as follows:
First, an icosahedron was created (Figure Ala), as described in Appendix Al. Next, the number of magnetometers within
each triangle was calculated. Whether a magnetometer was inside a given triangular cell was determined by comparing the
spherical triangle area of the cell to the sum of the three triangle areas defined by the three vertices of the triangle cell and the
magnetometer location. As long as there was more than one magnetometer inside a triangle, that triangle was split into four
triangles (Fig. Alb—c). Finally, all triangles with a magnetometer inside them were split once more (Fig. Ale, Fig. A2a) to
provide enough parameters to fit the observed magnetic field components. Without this last step, the matrix inversion required
to determine the SECS amplitudes did not produce sensible results.

SECS poles were placed in the middle of each triangle at 1 m depth and at 90 km altitude. SuperMAG had a few magnetome-
ters located very close to each other, which would have produced very small grid cells. With very small grid cells, even a small
inconsistency in the neighboring magnetic field observations can produce large current densities. To avoid this, any SuperMAG
stations within 50 km of another station were first removed. For visualizing the output, a uniform grid was used (Fig. A1f). For
the regional IMAGE and BEAR results, a denser output grid (Fig. A2b) was used and only the region covered by observations
was displayed. The output grid spacings were selected according to visual clarity when plotted on maps. Naturally, in areas
where the output grid is sparser than the SECS grid, structures smaller that the output grid will be discarded. In areas where
the output grid is denser than the SECS grid, it is important to bear in mind that structures smaller than the SECS grid spacing
will not be described. It would also be possible to use the SECS grid as output grid, but such a grid is generally not visually

optimal, espcially for global maps with large variations in grid density.
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Figure 2. South component of the geoelectric field at the Earth’s surface (Eg) on 26 June 1998 between 00:00:00 and 06:00:00 UT. The
blue curve is the measured Ejy at station B31 of the BEAR network (10 s data in (a) and (b), 1 min average in (c)), the black curve is Epr o
estimated from BEAR (a), IMAGE (b), or SuperMAG (c) magnetometer measurements using the SECS method, and the red curve is the total

modelled Ejy, estimated from E p r using Eq. 5-6. The epoch of the maximum value for each curve is indicated by the labeled vertical line.
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Figure 3. The same as Fig. 2 except for the east component of the geoelectric field (E£,) instead of the south component.
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Figure 4. The power line between points p;1 and p2 and the grid cell edge between points p3 and ps were assumed to follow great circle
arcs. Their intersection points &, and —&, were found by calculating the normalized cross product é, = r/|r| between the normal vectors
of the two great circle planes = (p1 X p2) X (ps X p4). From the two alternative crossing points €. and —é&,, the point along the power

line was selected by requiring that the power line length lp, p, = lp, &, + Ipse..-
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Figure 5. GIC in the Finnish benchmark power grid on 26 June 1998 at 03:23:00 UT as driven by the total electric field estimated from
BEAR magnetometer data using the SECS methods and Eq. 5-6. The total electric field in the grid area is shown by the orange arrows (only
every 10th arrow is shown for clarity) and its intensity by the background color. The powerlines are shown in black, and the black arrows
with labels in the middle of each line indicate the amplitude and direction of current in each powerline. The labeled circles illustrate the
amplitude of the current entering and leaving the power grid at each named substation. Blue color indicates current direction from ground to
power grid and red color from power grid to ground. The size of the symbol at each substations is scaled according to the amount of GIC.

Similarly, the relative thickness of the powerlines indicates the amount of current flow in the line.
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Figure 6. Latitude profiles of the east component of the ionospheric equivalent current density at 23.9° longitude between 10 May 2024
12:00 UT and 12 May 2024 12:00 UT, derived from IMAGE data. The two-hour time interval studied in more detail is indicated by the

vertical lines.
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Figure 7. (a): Time series of GIC at Inkoo substation calculated using the total geoelectric field and the DF component of the geoelectric

field estimated from 10 s IMAGE observations and using the DF component of the geoelectric field estimated from 1 min averaged IMAGE

observations. The peak values and their amplitudes are indicated by the labeled vertical lines. (b): GIC in the Finnish benchmark power grid

on 10 May 2024 at 22:29:40 UT in a format similar to Fig. 5, calculated from the DF component of the geoelectric field estimated using

10 s IMAGE observations. (c): The same as (b) except for the CF component of the geoelectric field instead of the DF component. (d): The

same as (b) except for the total geoelectric field instead of the DF component. The substation symbol sizes and power line widths in the three

panels have been scaled so that they are comparable.
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Figure 8. (a): The same as Fig. 7a except that instead of GIC at one substation, the sum of absolute values of GIC at all substations of the
power grid is shown. (b): The same as (a) except that the power grid has been shifted 1° northward in latitude and the 1 min curve is not
shown. (c): Relative GIC sum calculated using E and E pr as a function of average E p r direction in the network area. The directon angle
0° means southward Epr and 90° means eastward E pr. (d): Otherwise the same as (c) except for the power grid that has been shifted 1°

northward in latitude.
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Figure 9. The same as Fig. 7 except for Olkiluoto substation, instead of Inkoo. The power grid has been shifted to the Norwegian coast such

that Olkiluoto lies at 64.5° latitude and 11.5° longitude. The power grid geometry has been kept intact in the shift.
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Figure 10. The same as Fig. 8b and 8d, except that the power grid has been shifted to the Norwegian coast.
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Figure 11. (a): Ionospheric equivalent current density (arrows) and its curl (color) on 10 May 2024 at 22:29:40 UT, derived from 10 s

IMAGE magnetometer observations (red dots). (b): Time derivative of the ionospheric equivalent current density and its curl. (c): External

DF component of the geoelectric field (arrows) and its curl (color) on the ground. (d): Telluric equivalent current density and its curl. (e):

Time derivative of the telluric equivalent current density and its curl. (f): Internal DF component of the geoelectric field (arrows) and its curl

(color) on the ground. (g): DF component of the geoelectric field on the ground.
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Figure 12. The same as Fig. 11 except for Olkiluoto substation (shifted to the Norwegian coast) GIC peak time instead of Inkoo GIC peak

time.
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Figure 13. Comparison of modelled geoelectric fields at Nagycenk (NCK; 47.63° latitude and 16.72° longitude), Hungary, on 10 May 2024
from 15:00:00 to 23:59:00 UT. The external part of E p  has been calculated from SuperMAG magnetometer data using spherical elementary
current systems. F'1 p has been calculated from local magnetic variations and a 1-D ground conductivity model. At NCK, 1-D modelling has
been shown to reproduce the measured geoelectric field very well (Viljanen et al., 2012). (a): South component of the geoelectric field. (b):

East component of the geoelectric field. (c): Amplitude of the geoelectric field.
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Figure 14. The same as Fig. 11a—c except that global 1 min SuperMAG data are used instead of regional 10 s IMAGE data and the time is
17:07:00 (a—c) or 22:36:00 UT (d—e) instead of 22:29:30 UT. The maps are oriented such that noon is at the top, and the nightside is shaded.
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Solar wind dynamic pressure - MMS1 FPI (delayed by 197 seconds)
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Figure 15. Solar wind dynamic pressure observed by MMS1 satellite upstream of the Earth and SYM-H index. MMS1 data have been
delayed by 197 s to match the peak times of the solar wind dynamic pressure and SYM-H. The vertical line indicates the peak time of |E1p|.
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Figure Al. Creation of a global triangular grid for the SECS method, adapted to SuperMAG magnetometer density on 10 May 2024 at
21:30:00 UT. (a): The starting point is an icosahedron. (b): 1. refinement: All triangular cells containing more than one magnetometer
are split into four cells. (c): 2. refinement. (d): Last refinement. Now there is at most one magnetometer inside each cell. (e): Additional
refinement of all cells containing a magnetometer. Minimum triangle side length is now 28 km. This grid is used for the DF SECS poles. (f):

Uniform output grid. Minimum triangle side length is 447 km.

(a) IMAGE SECS grid (b) IMAGE output grid
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Figure A2. (a): Adapted triangular grid used for the DF SECS poles when analysing regional IMAGE data on 10 May 2024 at 21:30:00 UT.
Minimum triangle side length is 28 km. (b): The uniform output grid is one adaptation level denser than the one used for global SuperMAG

data (Fig. Alf). Its minimum triangle side length is 224 km.
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