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Abstract
On 10 May 2024, a geomagnetic superstorm causing the largest geomagnetic disturbance since 2003 started because of the 
shock arrival at Earth from multiple coronal mass ejections at 17:05UT. In Greece, the magnetic disturbance was recorded 
by the Pedeli (PEG) magnetic observatory of the INTERMAGNET global network of observatories. At the same time, 
VAN telemetric network, installed in the 1980 s and 1990 s for earthquake prediction purposes, measured the electric field 
of the Earth at several field stations in Greece. Here, we report these measurements during this Mother’s Day or Gannon 
geomagnetic superstorm that lasted from 10 to 12 May 2024. We also show how the geoelectric data can be combined with 
the geomagnetic variations for an estimation of the resistivity at different locations in Greece. The present results are useful 
for the estimation of geomagnetically induced currents which constitute a major hazard for electric power networks.
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Introduction

Geomagnetic storms are worldwide disturbances of the 
Earth’s magnetic field due to the terrestrial ring current, an 
electric current flowing in a toroidal pattern in near-Earth 
space (Daglis et al. 1999). Intensified ring current results 
from enhanced solar wind–magnetosphere interaction (Gon-
zalez et al. 1994). When the rapidly changing geomagnetic 
field interacts with the solid Earth can create geomagneti-
cally induced currents (GICs) the intensity of which depends 
on the distribution of the electrical properties in specific 
areas of the Earth’s solid crust (Daglis et al. 2003; Bala-
sis et al. 2006; Boteler 2003). Most GICs are triggered by 

coronal mass ejections (CMEs), which interact with the 
magnetic field around the Earth and cause it to rattle. The 
quick-changing magnetic fields create GICs through electro-
magnetic induction. GICs are the ground end of the space 
weather chain, e.g., Sun solar wind–magnetosphere–iono-
sphere–Earth’s surface. GIC occurrence poses a hazard that 
can potentially cause damage by quasi-DC currents that can 
arise in long conductors, such as power transmission lines 
or oil pipelines (Pulkkinen et al. 2001, 2005; Daglis et al. 
2001). The auroral oval occasionally extends down to reach 
the geomagnetic latitudes of Greece (see Knipp, Delores J. 
et al. 2021; Hayakawa et al. 2021, 2023, ) and may poten-
tially cause GIC effects to such a lower geomagnetic latitude 
too.

On 10 May 2024 at 17:05UT a powerful impact arrived 
(Hayakawa et al. 2025; Piersanti et al. 2025; Astafyeva 
et  al. 2025) at Earth originating from multiple CMEs 
from the active region 3664 of the Sun (Liu et al. 2024; 
Tulasi Ram et al. 2024; Hayakawa et al. 2025). This gave 
rise to a geomagnetic superstorm that lasted over 40 h 
(Gonzalez-Esparza et al. 2024) while another CME arrived 
at 22:20UT, being the strongest storm over a period of 
more than 20 years, since the Halloween 2003 superstorm 
(see, e.g., Yamazaki et al. (2024); Hayakawa et al. (2025)). 
Astafyeva et al. (2025) studied the SYM-H index (Iyemori 
1990; Iyemori et al. 2010) (see also Wanliss and Showalter 
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(2006)) and found that it showed an excursion with mini-
mum -497nT (5-min data) setting this geomagnetic storm the 
largest since March 1989, for SYM-H (1min) see the lowest 
panel of Fig. 1. This geomagnetic superstorm was named 
Mother’s Day geomagnetic storm (see, e.g., Spogli et al. 
2024; Gonzalez-Esparza et al. 2024; Wang et al. 2025, ) or 
Gannon Storm (see, e.g., Schennetten et al. 2024; Clilverd 
et al. 2025, ) in honor of the late Dr Jennifer Gannon (Lugaz 
et al. 2024). The related GICs have been studied by Clilverd 
et al. (2025) in New Zealand and by Piersanti et al. (2025) 
in Europe, while apparent resistivity observation networks 
in China have been severely impacted (Zhang et al. 2025).

In our study, we focus on the effects of this geomagnetic 
superstorm in Greece and make use of the International 
Real-Time Magnetic Observatory Network INTERMAG-
NET (see, e.g. INTERMAGNET; et al. 2021, ) that provides 
freely the data from various magnetic observatories around 
the world at https://​imag-​data.​bgs.​ac.​uk/​GIN_​V1/​GINFo​
rms2. The uppermost panel of Fig. 1 depicts the geomag-
netic field components and the total magnetic field measured 
at Pedeli (PEG) geomagnetic station located at N 38.1oE23.9o 
(close to Athens, Greece) with elevation h =380 m while in 
the middle panel we include for completeness (since there 
are some missing data at PEG) the corresponding measure-
ments at Panagjurishte (PAG) geomagnetic station located 
in Bulgaria at N 42.515oE24.177o with elevation h =556 m. 
Inspection of Fig. 1 reveals the impact of the aforementioned 
arrivals of the CMEs at 17.05UT and 22:20UT on the geo-
magnetic field in southern Balkan peninsula. We observe a 
sharp increase of the X component of the geomagnetic field 
at around 17.05UT and a sharp peak at 22:20UT of the total 
field at PEG. Similarly, at PAG the X & Y components as 
well as the total field exhibit sudden changes at 17:05 and 
22:20UT on 10 May 2024.

We now turn to the geoelectric measurements during this 
superstorm. These have been acquired by means of the VAN 
telemetric network (Varotsos 2005; Varotsos et al. 2011) (see 
Fig. 2). This comprises a network of field stations in which 
the electric field of the Earth is measured by a multitude of 
measuring electric dipoles (see, e.g., Varotsos and Lazaridou 
(1991); Varotsos et al. (1993)) aiming at the detection of 
seismic electric signals (SES) which are low-frequency ( ≤
1Hz) variations of the electric ( Sarlis and Varotsos 2002, 
) and magnetic field of the Earth that precede earthquakes 
(EQs) ( Varotsos and Alexopoulos 1984; Varotsos and 
Lazaridou 1991; Varotsos et al. 1993; Uyeda et al. 2000, 
2002; Sarlis et al. 2008; Uyeda and Kamogawa 2008; Uyeda 
et al. 2009; Ramírez-Rojas et al. 2011; Sarlis 2013; Orihara 
et al. 2012; Sarlis and Skordas 2018; Ramírez-Rojas et al. 
2018). In early 1980 s, the Greek scientists Varotsos, Alexo-
poulos, and Nomicos (Varotsos et al. 1981a, b) found that 
continuous measurements of the electric field of the Earth 
reveals EQ precursory signals and for this reason the 

acronym VAN is used worldwide (Uyeda 1996; Lazaridou-
Varotsos 2013; Sarlis et al. 2018). Data are collected and 
transmitted in real time(Nomicos and Chatzidiakos 1993; 
Nomicos et al. 1996; Varotsos 2005) to the central station 
at Glyfada which is a suburb of Athens (ATH), see Fig. 2. 
Additionally dataloggers (Campbell 21X) are also installed 
to collect data with sampling rate fs = 1 sample/sec and the 
data are transmitted 5 times per day to ATH via internet 
(see, e.g., Skordas et al. 2025). It is the latter geoelectric 
data of the VAN stations Assiros (ASS), Ioannina (IOA), 
Volos (VOL), Patras (PAT), Loutraki (LOU), and Pirgos 
(PIR), which are shown in Fig. 2 during the Mother’s Day 
or Gannon geomagnetic superstorm that will be analyzed in 
the present paper.

The data used and the method of analysis will be pre-
sented in the next Section 2. The results will appear in Sec-
tion 3 and will be discussed in Section 4. Finally, our conclu-
sions will be presented in Section 5.

Data and methods

Data

Geomagnetic data

All geomagnetic data come from INTERMAGNET (see, 
e.g., INTERMAGNET; et al. 2021, ) and are freely avail-
able from https://​inter​magnet.​org/, as mentioned in Introduc-
tion. Data with sampling rate fs = 1sample/min are shown 
in Fig. 1 for the PEG and PAG stations (for their locations 
see the map in Fig. 2). Here, we also make use of the fs = 1

sample/sec data from PEG, which are available by INTER-
MAGNET (see Fig. 3) and focus on the onset of the geomag-
netic superstorm. The analysis of these data together with 
the geolectric measurements (see Section 2.1.2) provides 
useful information on the resistivity at the sites of the meas-
uring dipoles.

Geoelectric data

As mentioned in Introduction, geoelectric data come from 
the six stations (ASS, IOA, VOL, PAT, LOU, PIR) of the 
VAN telemetric network (Varotsos 2005; Varotsos et al. 
2011) shown in Fig. 2. Non-polarizable electrodes Pb∕PbCl2 
at a depth of 2 m are used and the potential difference ΔV  
between pairs of electrodes separated at a distance L is 
measured. In the region around each VAN station, short 
and long measuring electric dipoles of lengths L varying 
from a few tens of m to several km are deployed with vari-
ous true bearings � according to the criteria suggested by 
Varotsos and Lazaridou (1991); Varotsos et al. (1993) for 

https://imag-data.bgs.ac.uk/GIN_V1/GINForms2
https://imag-data.bgs.ac.uk/GIN_V1/GINForms2
https://intermagnet.org/
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Fig. 1   The X (North), Y(East), Z(down) components and the total S 
magnetic field in nT recorded by PEG and PAG geomagnetic stations 
of the INTERMAGNET network (INTERMAGNET; et  al. 2021) 
during 10 May 2024 00:00UT to 13 May 2024 00:00UT, i.e., during 
the Mother’s Day or Gannon geomagnetic superstorm. In the lowest 

panel, we depict SYM-H (Imajo et al. 2022) which is calculated every 
1min from data of 6 magnetic observatories distributed in longitude 
and latitude (see also Iyemori 1990, ). SYM-H is freely available 
from https://​isgi.​unist​ra.​fr

https://isgi.unistra.fr
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Fig. 2   Map of Greece where 
the geolectric stations Assiros 
(ASS), Ioannina (IOA), Volos 
(VOL), Patras (PAT), Loutraki 
(LOU), and Pirgos (PIR) are 
depicted with full circles. The 
geolectric data are transmitted 
real-time to the Athens (ATH) 
central station of the VAN 
telemetric network(Varotsos 
2005; Varotsos et al. 2011). The 
location of the geomagnetic 
station at PAG in Bulgaria is 
also shown with a triangle, cf. 
the location of the PEG station 
(which is close to Athens) in 
Greece overlaps with ATH

Fig. 3   The horizontal components of the magnetic field at PEG with sampling rate fs =1sample/sec upon the arrival of the first three merged 
CMEs of the geomagnetic superstorm
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the discrimination of SES from other signals originated 
from human activity and civilization (see also Skordas et al. 
2010).

Interrelation of the electric and the magnetic field 
of the earth in the case of a condutive half‑space

Assuming that during the geomagnetic storm the electro-
magnetic field arriving at the surface of the Earth is a trans-
verse plane wave propagating downwards and approximating 
the Earth as a conductive half-space of resistivity �H , Pirjola 
(1989) estimates the time domain electric field component 
Ey(t) by the relationship (see also Pirjola 1982; Wait 1954; 
Cagniard 1953, ):

where gx(t) ≡ dBX

dt
 is the time derivative of the North mag-

netic field component BX(t) and �0 the magnetic permeabil-
ity of vacuum. An equation similar to Eq. (1) relates Ex(t) 
with gy(t) ≡ dBY

dt
 the time derivative of the East magnetic 

field component BY(t) . The assumption of more complicated 
conductivity structures for the Earth leads to more compli-
cated expressions, see, e.g., Pirjola (1982).

The above means that we can firstly differentiate and 
then appropriately integrate the horizontal components of 
the magnetic field measured at PEG (shown in Fig. 3) to 
obtain the quantities

and

which are proportional to the instantaneous values of Ey(t) 
and Ex(t) , respectively, having units of nT

√

Hz as can be 
seen from Eq. (1). Figure 4 shows how the potential dif-
ference ΔV(t) of a measuring dipole can then be related to 
either EY(t):

or EX(t):

By observing the behavior of the time evolution of ΔV(t) , we 
can select which of the two Eqs. (4) or (5) should be used to 

(1)Ey(t) = −

�

�H

��0
∫

∞

0

gx(t − u)
√

u
du,

(2)EY(t) = ∫
∞

0

dBX

dt
(t − u)

du
√

u

(3)EX(t) = ∫
∞

0

dBY

dt
(t − u)

du
√

u

(4)ΔV(t) = −

√

�H

��0

L sin(�)EY(t)

(5)ΔV(t) =

√

�H

��0

L cos(�)EX(t).

estimate �H from our geolectric field recordings. This is the 
subject of the next Section 3.

Results

Figures 5 and 6 show the potential difference ΔV with fs = 1 
sample/sec between electrodes of various measuring dipoles, 
called for brevity channels (CH), versus the conventional 
time during the period 10 May 2024 00:00UT to 13 May 
2024 00:00UT. Each channel is characterized by its length 
L and its true bearing � ; more details for each VAN station 
can be found in Varotsos (2005).

Estimation of resistivity

We now turn to the estimation of the resistivity on the basis 
of the geoelectric measurements shown in Figs. 5 and 6 in 
conjuction with the magnetic field measurements of fs = 1

sample/sec at PEG (see Fig. 3), during the onset of the geo-
magnetic superstorm. Inspection of Figs. 5 and 6 reveals 
that many channels behave similarly with the components 
of the horizontal magnetic field at PEG during the arrival of 
the geomagnetic superstorm. To investigate this further, we 
numerically calculate EY(t) and EX(t) using Eqs. (2) and (3), 
respectively, and compare the results with those recorded by 
the measuring dipoles of the VAN telemetric network.

Figure 7 shows typical examples of two measuring 
dipoles from each VAN station that show a time evolution 
similar to that of either EY(t) or EX(t) . The detailed char-
acteristics of each channel shown in Fig. 7 are reported in 

Fig. 4   The measuring dipole AB records the projection of the geo-
lectric field on its bearing
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Table 1 and can be used for the estimation of �H . This can 
be done as follows: When we observe that the time evolu-
tion of a channel follows the time evolution of either EX(t) 
or EY(t) , take, for example, CH01 and CH02 of PIR station 
(see Fig. 7C and D), we plot ΔV(t) versus EX(t) or EY(t) in 

the form of a polarization diagram (see, e.g., Makris et al. 
1999; Makris 2001). Such a diagram is shown in Fig. 8, 
and we observe a clear linear correlation which is due to 
Eqs. (4) and (5). The linear least squares fit shown (thick 

Fig. 5   Recordings of the 
potential difference ΔV  between 
the electrodes of the measur-
ing dipoles (channels, CH) for 
ASS, IOA and VOL geoelectric 
VAN stations. The name of 
the geolectric station is written 
in the title of each panel. The 
horizontal ticks are evenly 
distributed every 4 h (the time 
stamp 00:00UT may not be 
written for reasons of clar-
ity), while the numbers at each 
vertical tick correspond to 1/10 
of the range in mV between 
consecutive vertical ticks for the 
channel whose ΔV  starts close 
to the tick. The two red arrows 
in the uppermost panel indicate 
the geoelectric field variations 
associated with the arrival of 
the CMEs at 17:05UT and 
22:20UT on 10 May 2024
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green lines) allows the estimation of the slope 
√

�H

��0

L × [sin(�) or cos(�)] in Eqs. (4) and (5), and there-

from, we can estimate �H and its plausible error.
Figure 9 shows the values of �H estimated by using 

various channels in each VAN station as a function of 

either the longitude (A) or the latitude (B) of the station. 
In Fig. 9B, we observe a systematic behavior shown by 
the green line that will be discussed in the next Section 4.

Fig. 6   The same as Fig. 5 but 
for the geoelectric stations PAT, 
LOU, and PIR. The numbers 
at each vertical tick correspond 
to 1/10 of the range in mV 
between consecutive vertical 
ticks for the channel whose ΔV  
starts close to the tick. The two 
red arrows in the uppermost 
panel indicate the geoelectric 
field variations related to the 
arrival of the CMEs at 17:05UT 
and 22:20UT on 10 May 2024
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Fig. 7   Recordings of the poten-
tial difference ΔV(t) between 
the electrodes of measuring 
dipoles from the geoelectric 
stations ASS, IOA, VOL, PAT, 
LOU, and PIR. In each panel, 
we also depict either E

Y
(t) or 

E
X
(t) , to be read on the right 

scale, depending on which of 
the two resembles the time evo-
lution of the geoelectric field
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Discussion

The VAN telemetric network, as mentioned, records the 
potential difference ΔV  between pairs of electrodes sepa-
rated at a distance L. These data can give information on 
the ground electric field (GEF) produced by the geomag-
netic storm at various sites in Greece. A critical parameter 
in GIC modeling is the GEF which is rarely measured 
directly (Marshalko et al. 2023).

Figures 5 and 6 report these measurements at a sam-
pling rate of fs=1sample/sec during Mother’s day or Gan-
non geomagnetic superstorm. The potential difference ΔV  

exhibits characteristic variations from 10 May 2024 17:05 
UT until around 12 May 2024 05:30UT. The electric dis-
turbances due to this geomagnetic superstorm arrive at all 
stations of the VAN telemetric network shown in Fig. 2 
almost at the same time with a clear onset. This onset can 
be seen in an expanded time scale in Fig. 7 (A), (B), and 
(C) for selected channels that correspond to the electric 
field component Ey while examples of channels resembling 
the electric field component Ex are shown in Fig. 7(D).

There are two periods where the recorded electric field 
is more intense, i.e., from 10 May 2024 17:05UT until 11 
May 2024 02:00UT and from 11 May 2024 04:00UT until 
11 May 2024 13:00 UT. During the first period, we have 
the arrival at 17:05UT of the three merged CMEs as well 
as the arrival of another CME at 20:20UT which are clearly 
discernable as sudden changes of the geoeletric field, see 
the red arrows in Figs. 5 and 6. The “sudden” increase of 
ΔV  at 17:05UT on 10 May 2024 can be better visualized 
in Fig. 7 where it is revealed that it lasts about 90sec, in 
accordance with the geomagnetic field variations of Fig. 3 
at PEG. Secondary geomagnetic field variations like the one 
at 17:15UT are also well reflected in the geoelectric field, 
see, e.g., Fig. 7. The second period of intense ΔV  , i.e., from 
04:00UT to 13:00UT on 11 May 2024, occurs after the mini-
mization of SYM-H at 02:15UT on 11 May 2024 during the 
recovering phase probably due to the fact that SYM-H varies 
frequently until 12:00UT on 11 May 2024 (see the lowest 
panel of Fig. 1). It should be noted, however, that SYM-H 
does not coincide with the maxima of GEF which are largely 
influenced by the time derivative of the geomagnetic field, 
see Eq. (1).

We now turn to the opportunity of measuring �H using 
the geoelectromagnetic field at the onset of the geomag-
netic superstorm. If the situation is such that the potential 
difference ΔV  recorded at a channel of the VAN network 

Table 1   The length L and true bearing � of the channels shown in 
Fig. 7. In the last column, the values of �

H
 calculated according to the 

method described in Section 3.1 are inserted

1These values come from E
X

VAN station CH L [km] � [ oT] �H [ Ω m]

ASS 5 0.069 91.0 (115 ± 5)

ASS 13 0.277 324.5 (160 ± 30)

IOA 8 0.110 123.6 (510 ± 30)

IOA 15 0.053 88.4 (229 ± 14)

VOL 5 1.930 90.0 (970 ± 160)

VOL 16 2.259 285.0 (980 ± 130)

PAT 11 4.233 95.0 (2970 ± 260)

PAT 14 0.149 305.0 (1500 ± 700)

LOU 2 12.466 26.0 (104 ± 21)

LOU 10 13.277 18.6 (85 ± 30)

PIR 1 3.522 10.0 (24 ± 3)

PIR 2 4.670 102.0 (11.7 ± 0.6)

PIR 4 1.172 16.0 (33 ± 4)1

PIR 8 11.106 86.0 (9.9 ± 0.7)

Fig. 8   The recording ΔV(t) versus E
X
(t) (A) or E

Y
(t) (B) for the channels CH01 and CH02 of PIR, respectively. The thick green line corresponds 

to a least squares fit of the data shown in Fig. 7(C) and (D)
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closely follows the one predicted for a conductive half-space 
of resistivity �H then a simple least square fit, like the one 
shown in Fig. 8, can lead to an estimation of �H . The applica-
tion of this method to all channels of the VAN network that 
satisfy the aforementioned prerequisite leads to the resis-
tivities reported in Fig. 9. There, we observe that although 
across longitude no certain features can be seen, when we 
study �H vs. latitude and travel from South to the North we 
first see a sharp increase and then a gradual decrease from 
1000 s to 100 s of Ωm . This is certainly a feature that should 
be taken into account when calculating GICs in Greece; for 
a recent study, see Boutsi et al. (2023); see also Boutsi et al. 
(2025).

Conclusions

We studied the potential differences ΔV  measured by the 
VAN network in Greece during the Mother’s Day or Gan-
non geomagnetic superstorm. We found that there are two 
periods at which large values of ΔV  are observed. These are 
upon the arrival of the CMEs at 17:05 and 22:20UT on 10 
May 2024 while the second period is after the minimization 
of SYM-H.

During the first period at the onset of the geomagnetic 
superstorm, the behavior of ΔV  in a large number of meas-
uring electric dipoles follows closely the time evolution 
expected from a conductive half-space of resistivity �H . By 
numerically integrating the horizontal magnetic field meas-
ured at PEG station of the INTERMAGNET network, we 
are able to calculate �H.

The values of �H obtained show a clear behavior versus 
latitude that could be used for estimating GICs in Greece.

We hope that in the future the ΔV  data of the VAN net-
work operating in Greece since 1980 s will be further used 
for the mitigation of the hazard imposed by geomagnetic 
superstoms in Greece.
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