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Abstract

In the 1980s, Varotsos, Alexopoulos and Nomicos (VAN) introduced a short -term earth-
quake (EQ) prediction method based on measurements of the electric field of the Earth
at various locations on the Earth’s surface. The corresponding electric signals are called
Seismic Electric Signals (SES). Here, we present the advances of the VAN method during
the period 2022–2025. For this purpose, we make use of the VAN telemetric network
comprising of eight geoelectric field stations that have operated in Greece since the 1990s.
The SES reported and documented well in advance (at arxiv.org) are compared with the
subsequent seismicity in Greece during the same study period. The comparison reveals
that all strong EQs of magnitude M ≥ 5.8 within the area N41.5

34.5E27.5
20.0 have been preceded by

SES activities, thus leading to a hit rate of 100%. The study of the present results points to
the need of continuing VAN experimentation in Greece. Moreover, we employ the Receiver
Operation Characteristics (ROC) method to evaluate the performance of the method. Study
of the ROC reveals a false alarm rate of approximately 5% which is shown to be statistically
significant, while the method can be characterized as outstanding.

Keywords: earthquakes; seismic electric signals; SES; VAN method; earthquake prediction;
Greece

1. Introduction
Earthquake (EQ) prediction is the holy grail of seismology and many efforts have

been devoted to this purpose, see, e.g., Refs. [1–46]. These efforts include ground measure-
ments of the electric [1,3,5,6,9,14,22,32] and magnetic [4,14,17,23,27,28] field of the Earth,
radon emissions [8,15], ionospheric perturbations [24,29,36,37], thermal anomalies close
to the future EQ epicenter, see, e.g., [18], the lithosphere, atmosphere and ionosphere
coupling [20,21] that allows the use of satellites [31] for EQ prediction purposes, changes in
the level and temperature of confined groundwater [26], Earth’s surface displacement [25],
monitoring of seismic regimes [33,34,43,44] and deformation patterns [35,40,45,46], anoma-
lies in borehole strain data [41], and measurable changes in seismicity, see, e.g., Refs. [38,39].

Varotsos et al. [47,48] introduced in the 1980s the so-called Varotsos-Alexopoulos-
Nomicos (VAN) method of EQ prediction. This method is based on the measurement of tran-
sient changes in the electric field of the Earth called Seismic Electric Signals (SES) [5,49,50].
Several physical mechanisms have been proposed for the generation of SES, see, e.g.,
Figure 1.20 of Varotsos et al. [51], including the pressure-stimulated polarization currents
(PSPC) emitted at the hypocenter suggested by Varotsos and Alexopoulos [52], see also [49].
SES are detectable at certain sites of the Earth’s surface [49,53,54]. After extensive experi-
mentation [5,49] in Greece since the 1980s, several SES sensitive sites have been selected
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where dipoles were deployed for the measurement of the geoelectric field, see Figure 1.
The data are collected via a telemetric network to the central station located at Glyfada,
Athens. Further details on the telemetric network will be given in Section 2.2.

20˚ 22˚ 24˚ 26˚ 28˚

34˚

36˚

38˚

40˚

42˚

20˚ 22˚ 24˚ 26˚ 28˚

34˚

36˚

38˚

40˚

42˚

20˚ 22˚ 24˚ 26˚ 28˚

34˚

36˚

38˚

40˚

42˚

20˚ 22˚ 24˚ 26˚ 28˚

34˚

36˚

38˚

40˚

42˚

20˚ 22˚ 24˚ 26˚ 28˚

34˚

36˚

38˚

40˚

42˚

LAM

ASS

KER

IOA

VOL

PIR LOU

ATHPAT

20˚ 22˚ 24˚ 26˚ 28˚

34˚

36˚

38˚

40˚

42˚

M
w

5.8 29MAR24

M
w

6.2 22MAY25

M
w

6.0 13MAY25

Figure 1. Map of Greece depicting the 8 geoelectric field stations with black circles: Assiros (ASS),
Ioannina (IOA), Volos (VOL), Lamia (LAM), Patras (PAT), Loutraki (LOU), Keratea (KER), and Pirgos
(PIR) of the VAN telemetric network. The central station at Glyfada, Athens (ATH), where data
from the 8 field stations are collected, is shown by a black square. The green stars correspond to the
epicenters of the EQs of magnitude Mw > 5.5 reported—during the period 2022–2025—by the United
States Geological Survey (USGS) [55] within the green rectangle that surrounds the area N41.5

34.5E27.5
20.0.

The magnitude and date of occurrence are also shown for each EQ. The selectivity maps for PIR (dark
green polygon), KER (blue rectangle), and ASS (red rounded triangle) are also shown.

Since 2001, the VAN method has led to many successful EQ predictions of strong
EQs of magnitude M ≥ 6.0 in Greece, see Table 7.1 on page 296 of Varotsos et al. [51].
These include the 2008 magnitude [56,57] Mw6.9 EQ [58], see, e.g., [59–61], which is the
strongest EQ in southern Greece [62] since 17 January 1983 Mw7.0 EQ off shore Lixouri
Kefalonia, Greece [63]. For earlier periods, the predictions issued can be found in Chapter 4
of Varotsos [50]. The statistical significance of VAN method predictions during the period
from 1 April 1987 to 30 November 1989 has been recently studied[64] leading to p-values
smaller or equal to 2% to obtain such results by chance. Since November 1995 [50,51], after
the recommendation of the European Advisory Committee for EQ prediction of the Council
of Europe, if the expected EQ magnitude M estimated from SES (see Section 2.1) is larger
than or equal to 6.0, a quick report on the SES information is submitted to international
journals or freely open preprint servers.

It is the purpose of the present paper to evaluate the performance of the VAN method
during the recent almost 4-year period from 1 January 2022 to 31 August 2025 focusing on
strong EQs having Mw > 5.5 as reported by USGS [62]. This allows for a plausible error
∆M < 0.5 in the estimation of the expected EQ magnitude [65]. The SES reported during
this period are tabulated in Table 1 and labeled according to the VAN geoelectric field
station at which they were recorded, see the fourth column of this Table. Among the new
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results obtained is a hit rate that may reach 100% with a false alarm rate of approximately
5%, which lead to the statistical significance (p = 0.9%) of the method, which can be
characterized as outstanding. Additionally, these last 4 years of seismic data can be used
for improving the accuracy of the predictions since they provide details on the sensitivity
of the VAN geoelectric field stations.

Table 1. List of the reported [66,67] SES. The first column corresponds to the date that the SES was
recorded, the second column to the geoelectric field station that recorded the SES, and the third
column provides a brief description of the related seismic activity. In the last column, the label used
in this work for each SES is provided.

Date of SES Station Name Related seismic activity Label

8 January 2023 1 ASS Mw4.9 on 7 February 2023 2 ASS1
13 October 2023 3 PIR Mw5.8 on 29 March 2024 PIR1

30 May 2024 1 KER Drastic increase of ML(ATH)≥ 4.5 EQs KER1
6 July 2024 3 PIR Mw5.3 on 21 July 2024 4 PIR2

20 April 2025 1 KER Mw6.0 and 6.2 on 13 and 22 May 2025 KER2
1 See Ref. [66]. 2 See Ref. [68]. 3 See Ref. [67]. 4 See Ref. [69].

The paper is organized as follows. In Section 2, we briefly review the methods used
in the present research, the results are presented in Section 3 and discussed in Section 4.
Finally, our conclusions follow in Section 5.

2. Materials and Methods
Here, we briefly present the VAN method of EQ prediction, the VAN telemetric

network operating now in Greece, give a short introduction to the Receiver Operating
Characteristics (ROC) method used for the evaluation of the method and to provide
information on the proposed physical mechanisms for SES generation.

2.1. Brief Description of the VAN Method

SES are low frequency f (≤1 Hz), variations of the electric field of the Earth that
precede EQs. The duration of SES may vary from tens of seconds up to several hours
or even more [5,70]. Various physical mechanisms have been suggested for SES genera-
tion, as will be further discussed in Section 2.4 below. Apart from their observations in
Greece [50,51], SES have been observed in Japan [70–73], China [74–76], Mexico [77,78], and
Kyrgyzstan [79]. It is interesting to note that for strong (M ≥ 6.5) EQs SES are accompanied
by magnetic field variations, as a consequence of Maxwell’s equations [14,80].

SES-sensitive sites, and hence the corresponding VAN geoelectric field station, collect
SES from certain hypocentral areas, which are [53,54] either close to the station or connected
through electrically conductive paths to the station. Hence, not all EQ epicenter location
directions are equivalent as concerns a given VAN geoelectric field station. Moreover, it
has been shown [81] that the ability of a station to measure SES is also related to the EQ
mechanism. All these mean that for each VAN geoelectric field station, we can construct a
map of the epicentral areas from which it can receive SES. Such a map is called [5] selectivity
map, and its construction is based, of course, on past observations. The selectivity maps for
the stations ASS, PIR, and KER mentioned in Table 1 are drawn in Figure 1.

In order to record SES, measuring electric dipoles of length L (of a few hundred
meters up to several km) are deployed and the potential difference ∆V is continuously
monitored. Observations have shown that the most common case of SES comprises rect-
angular pulses of constant ∆V deviation from the background similar to those shown in
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Figures 2b, 3, and 4. In such a case, the SES amplitude ∆V/L is related to the expected
magnitude M by the relation

log10(∆V/L) = (0.3 to 0.4)× M + b, (1)

where the constant b is different for each seismic area-dipole pair, this is the reason why the
epicentral distance r is not involved explicitly, see Varotsos [50] for its physical explanation.
Orihara et al. [73] replaced (∆V/L) by (∆V/L × r) to allow for varying focal distances in
the case of EQs generated close to the measuring dipole. The VAN method is based on the
continuous observation and registration of SES that allows the application of Equation (1)
for the estimation of M upon using existing data.

When deploying the measuring dipoles at VAN geoelectric field stations, see
Section 2.2, various orientations are used so that the ratio of the SES amplitude along
the East-West and the North-South directions (∆V/L)EW/(∆V/L)NS can be experimen-
tally calculated. It can be shown[50] that this ratio is characteristic of the area probable to
suffer the impending EQ. This way, by using previous experience, the future epicenter can
be estimated.
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Figure 2. The SES recorded at KER geoelectric field station and reported before the corresponding EQ
occurrences, see Table 1. (a) depicts SES KER1 which was recorded at channels Aαντ − E2, Aαντ − 1N,
Aαντ − ∆4, A3 − ∆4, Aαντ − A3 of KER geoelectrical station from 22:30 UT on 30 May 2024 until
02:25 UT on 31 May 2024 having a characteristic bay-like shape. The two red arcs starting and ending
with arrowheads indicate the duration and polarity of this bay-like variation (only channel A3 − ∆4

has opposite polarity exhibiting a deflection to the right). (b) corresponds to SES KER2 recorded
on 20 April 2025, which is indicated by the black rectangle, with duration approximately 22 min.
The SES maximum deflections from background are 45 mV (for channel Aαντ − 1N) and 35 mV (for
channel Aαντ − ∆4) for KER1 and KER2, respectively.
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Figure 3. The SES recorded at PIR geoelectric field station and reported before the corresponding
EQ occurrences, see Table 1. (a) shows SES PIR1 using an excerpt of the raw data recordings at the
central station of the telemetric network for PIR station on 13 October 2023. Since data recordings
from each measuring dipole are plotted with various delays to avoid overlapping, the simultaneous
raw data at four measuring dipoles are surrounded by colored rectangles (of ≈ 30 min duration) for
sake of readers’ convenience. (b) illustrates SES PIR2 that was recorded at PIR on 6 July 2024. In
this panel, the normalized deflection, i.e., y = (∆V − µ)/σ, where µ and σ are the mean value and
standard deviation of ∆V during the interval shown, is plot versus time elapsed from 11:40UT. The
SES maximum deflections from background are 10 mV and 6 mV for PIR1 and PIR2, respectively.

(b)

Figure 3. The SES recorded at the PIR geoelectric field station and reported before the corresponding
EQ occurrences, see Table 1. (a) shows SES PIR1 using an excerpt of the raw data recordings at the
central station of the telemetric network for the PIR station on 13 October 2023. Since data recordings
from each measuring dipole are plotted with various delays to avoid overlapping, the simultaneous
raw data at four measuring dipoles are surrounded by colored rectangles (of ≈30 min duration) for
the sake of readers’ convenience. (b) illustrates SES PIR2 that was recorded at PIR on 6 July 2024. In
this panel, the normalized deflection, i.e., y = (∆V − µ)/σ, where µ and σ are the mean value and
standard deviation of ∆V during the interval shown, is plotted versus time elapsed from 11:40 UT.
The SES maximum deflections from background are 10 mV and 6 mV for PIR1 and PIR2, respectively.
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Figure 4. The signal labeled ASS1 in Table 1 recorded at ASS geoelectrical field station on 8 January
2023. For the readers’ convenience, it is enclosed by the red rectangles. The recordings of each
measuring dipole are shown in varying vertical scales indicated by the numbers next to each channel
(CH). The reported values are one-tenth of the peak-to-peak variation in mV.

The lead time of SES activities varies from a few weeks to 5 1
2 months [51]. For

simplicity, in the present paper we assume a maximum lead time of six months. This means
that we consider as the period probable to suffer the impending strong EQ to be the first
six months after the SES observation.

The discrimination of SES from man-made interference was traditionally [5,50] made
by comparing the values of ∆V/L between parallel measuring dipoles of different lengths
L. If a (man-made) noise source lies between the electrodes of the two measuring dipoles,
then the values of ∆V/L differ significantly, see, e.g., Figure 21 of [49]. The fact that for SES
∆V/L ≈ const. holds for parallel measuring electric dipoles is also compatible with the
results obtained from theoretical models introduced to explain the selectivity effect [53,54].
After the introduction of Natural Time Analysis (NTA) in 2001 [13,51] the discrimination of
SES from noise became possible even when using data from a single measuring dipole.

For this reason, we consider the representation of a SES in NTA: In the case of SES
having rectangular shape as the one shown in Figure 3b, we define [13,51] the natural time
for the occurrence of the k-th pulse by χk = k/N. We then calculate the duration Qk of each
pulse k = 1, 2, 3, . . . using the signal’s dichotomous representation as shown by the blue
line in Figure 3b. In NTA, we use the quantity pk = Qk/∑N

n=1 Qn as a normalized “energy”
for the k-th pulse and study the behavior of the quantity [13,51]

Π(ω) ≡ |Φ(ω)|2 (2)

defined by

Φ(ω) =
N

∑
k=1

pk exp(iωχk) (3)

where ω stands for the angular frequency, for ω close to zero. This way we capture
the dynamic evolution of a complex system. This is so because pk can be considered as
probabilities and all moments of the distribution of pk can be estimated from Φ(ω) at
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ω → 0, see p. 499 of Ref. [82]. To this purpose, the quantity κ1 is defined from the Taylor
expansion Π(ω) = 1 − κ1ω2 + κ2ω4 + . . . which equals:

κ1 =
N

∑
k=1

(
k
N

)2
pk −

(
N

∑
k=1

k
N

pk

)2

. (4)

As can be seen from Equation (4), the quantity κ1 is just the variance (κ1 = ⟨χ2⟩ − ⟨χ⟩2) of
natural time χ with respect to the distribution pk.

Apart from κ1, another useful quantity in natural time is the entropy S given by [13]:

S = ⟨χ ln χ⟩ − ⟨χ⟩ ln⟨χ⟩, (5)

where the brackets ⟨. . .⟩
(
≡ ∑N

k=1 . . . pk

)
denote averages with respect to the distribution

pk. S is a dynamic entropy that exhibits [51] positivity, concavity, and Lesche [83,84]
experimental stability. When Qk are independent and identically-distributed random
variables, S reaches [51] the value Su ≡ ln 2

2 − 1
4 ≈ 0.0966 that corresponds to the “uniform”

distribution. Upon reversing the time arrow and hence applying time reversal T , i.e.,
T pk = pN−k+1, the value of S changes to a value S−.

The study by NTA of various SES, see, e.g., Table 4.6 of [51], has shown that the
following conditions are valid

κ1,SES ≈ 0.070, (6)

S, S− < Su (7)

2.2. Description of the VAN Telemetric Network

The VAN telemetric network was established in 1982 by the Greek scientists Varotsos,
Alexopoulos, and Nomicos, and was named after their initials, as mentioned. Its purpose
was the continuous measurements of the electric field of the Earth for the study of SES. This
research was motivated by the detailed study of the thermodynamics of crystal defects in
solids [50] that opened the possibility that rupture in solids could be preceded by transient
electric signals. VAN telemetric network, consisting initially of eighteen measuring stations,
was completed [85,86] by 1983 (see Figure 1 of [85]). The data were transmitted in real
time [50,87,88] to the central station located in ATH. The dipoles, measuring the potential
difference ∆V, are consisting of non-polarizable electrodes Pb/PbCl2 and are submerged
at a depth of 2 m. At least eight measuring electric dipoles of various lengths L and
orientations were initially installed at each station, they are later optimized for SES detection
and (man-made) noise discrimination by using ∆V/L ≈ const. criterion, see Section 2.1.
Details of this procedure can be found in Section 2 of Varotsos et al. [49]. The dipoles of
∼ 50 m ≤ L ≤∼ 500 m are called short-dipoles, while the ones with ∼ 2 km ≤ L ≤∼ 20 km
are called long-dipoles. During the 1990s, beyond the aforementioned real-time data
collecting system, dataloggers (Campbell 21X connected to a portable PC) were installed at
several stations to collect data with sampling rate fs =1 sample/s. These data were initially
stored only during SES collection, and during the period extending from several minutes
before a significant EQ, until a few minutes after. Their average, 1 sample/20 s (cf. initially
was 1 sample/10 s), were transmitted daily to the central station through dial-up. In 2010s,
the dial-up collection was replaced by GSM and all data, either of a sampling rate of 1
sample/20 s or of fs =1 sample/s are automatically transmitted to the central station daily.

2.3. Receiver Operating Characteristics

Receiver Operating Characteristics (ROC) [89] can be used for the evaluation of binary
prediction methods. Assuming that there are P “strong” events to be predicted out of
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N(=P + Q) events, one defines as true positives (TP) the cases where a strong event is
predicted and it actually occurs as true negatives (TN), the number of cases with no strong
event is predicted, and it does not actually occur. Similarly, false positives (FP) are the
cases when a strong event is predicted but it does not actually occur and false negative
(FN) when a strong event occurs that was not predicted. ROC is a diagram of the hit rate,
or true positive rate, which equals TP/P versus the false alarm rate, or false positive rate,
which equals FP/Q = FP/(FP + TN). This way ROC takes into account the two sources of
error in predictions, i.e., missing a strong event and providing a false alarm [89].

Upon varying the threshold used for the prediction of strong events, we get a curve
on the ROC diagram. Random predictions correspond to the diagonal in the ROC diagram
since on average they lead to the same values of the hit and alarm rates. However, when P
and Q are small, e.g., N < 100, fluctuations around the diagonal occur.

The statistical significance of a prediction method is estimated by the area under the
curve (AUC) in the ROC plane [90]. Mason and Graham [90] showed that AUC = 1 − U

PQ ,
where U follows the Mann–Whitney U-statistics [91]. Using this result, the statistical
significance can be visualized using k-ellipses which are envelopes of confidence ellipses
centered along the diagonal [92,93]. Using the AUC of the k-ellipse that passes through
a point in the ROC plane, we can obtain an estimate of the probability p (or p-value) to
obtain by chance this ROC point [92]. Hence, we estimate the statistical significance of a
prediction method, even if we can have a single point in the ROC plane.

Note that in medicine, AUC is a widely used to summarize the overall diagnostic
accuracy of a test, e.g., see Ref. [94]. When AUC varies in the range 0.7 to 0.8 the test
is considered acceptable, while when AUC lies in the range 0.8 to 0.9 it is characterized
excellent, AUC more than 0.9 is outstanding [95]; see also Chapter 5 of Ref. [96].

2.4. Physical Mechanisms for the Generation of SES

As mentioned in the Introduction, a physical mechanism for the generation of SES is
PSPC. PSPC are emitted upon increasing pressure (or stress) when the relaxation time of the
dipoles formed due to aliovalent impurities in the ionic crystals which are constituents of
rocks is minimized giving rise to a significant current that can be measured at appropriate
sensitive sites on the Earth’s surface [49–52]. Beyond the PSPC model introduced in 1980s
by Varotsos et al. [47,48] to explain the precursory electric signals several other physical
mechanisms have been suggested.

Examples are: First, electrokinetic phenomena can provide the basis for the generation
of electrical precursors (e.g., see Refs. [97–106]) where the electric field results from fluid
flow through the crust in the presence of an electric double layer of the solid-liquid interfaces
(this fluid flow transports the ions in the fluid in the direction of flow, thus leading to electric
currents). Second, around the focal area, considering EQ rupture as a critical point [107],
e.g., coalescence of microfractures of foreshocks and/or fluctuations at the measuring sites.
Third, Slifkin [108,109] suggested the charged dislocation mechanism for the generation of
SES activities. According to this model, electric dipoles are produced upon abrupt stress
variation in materials with significant concentrations of impurities, such as geophysically
interesting materials such as silicates, oxides, and the like. In these materials, the space
charge around an electrically charged edge dislocation consists largely of aliovalent ions.
Fourth, the model of the large-scale motion of lattice defects introduced by Lazarus [110].
This is based on a phase transition associated with large-scale motion of lattice defects. This
transition is confined to a thin region immediately adjacent to and parallel to the fault plane,
e.g., from a hydrous to an unhydrous form of a mineral. Note that nearly all terrestrial
minerals are formed with a varying amount of water crystallization in the lattice. Upon
increasing stress, these minerals must transform to unhydrous phases expelling the water.
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The compression of the lattice at this phase transition would cause large-scale (deformation
and hence) motion of lattice defects, which would result in a large electrostatic signal
generating the SES.

3. Results
Here, we present the results related to the SES reported during the study period

1 January 2022 to 31 August 2025 which are shown in Table 1. They are presented below
according to the VAN geoelectric field station at which they were recorded.

3.1. SES Recorded at KER Geoelectric Field Station

Two SES labeled KER1 and KER2 have been recorded at the KER geoelectric field
station, and are shown in Figure 2.

SES KER1 was recorded on 30 May 2024 and reported as such on 5 June 2024, see
Reference [61] of Varotsos et al. [66]. It lasted approximately 235 min from ≈22:30 UT on
30 May 2024 until 02:25 UT on 31 May 2024, see Figure 2a. It has a characteristic bay-like
shape and a significant duration of approximately four hours. SES of similar shape are
very rare. Such a gradual variation of the geoelectric field is unlikely to be generated from
PSPC but other physical mechanisms like the electrokinetic effect might be responsible for
their generation [99], see also Section 2.4. For example, since the 1980s, the only reported
case of a bay-like shape SES is the one recorded at KER during the period from 17:52 UT
on 8 September 1986 until 05:50 UT on 9 September 1986, see Figure 1 of Varotsos and
Alexopoulos [111]. It was followed by the 13 of September 1986 destructive Mw6.0 EQ
[112] that hit the city of Kalamata, Greece, killing 20 people [113].

Fortunately, KER1 was not immediately (within 6 months) followed by an M6 class
EQ in Greece. However, instead of a single M6 class EQ a series of smaller EQs occurred in
Greece. To study this phenomenon, we examine the smaller EQs measured by the Institute
of Geodynamics of the National Observatory of Athens (GI-NOA), where the magnitude
ML(ATH) is reported, that occurred within the area N39.5

34.5E25.0
20.0 that mainly focuses on

southern Greece taking also into consideration the northern (N39.0°) and western (E24.2°)
edge of the KER selectivity map, see Figure 1. Using the EQ catalog[114] of GI-NOA, we
find that for the period 1 January 2022 to 1 July 2024 the average number λ of EQs of
magnitude ML(ATH) ≥ 4.5 per six months is λ = 4.6 (Note that the last such EQ before 1
July 2024 occurred on 14 April 2024, i.e., before KER1 SES observation). Interestingly, after
KER1 observation during the period 1 July 2024 to 31 December 2024 n = 10 EQs with
ML(ATH) ≥ 4.5 have been observed. According to the Poisson distribution, this is highly
unlikely since for λ = 4.6 the probability to observe more than nine such EQs within six
months is Prob(n > 9) = 1.95%. Additionally, when examining the first six months of 2025
we again find n = 10 EQs, meaning that after the KER1 observation a highly improbable
EQ sequence occurred with a p-value p = 0.01952 = 3.8 × 10−4.

We now turn to SES KER2 shown in Figure 2b that was recorded on 20 April 2025 and
reported on 25 April 2025 (see Reference [64] of Varotsos et al. [66]). Twenty-three days
later the Mw6.0 EQ shown in Figure 1 took place. This was followed after nine days by
the Mw6.2 EQ also shown in the same Figure. The lead time of 23 days falls within the
periods identified [64] (see the third line of their Section 4) as statistically significant for SES
precursors. The lead time coincidence together with the fact that up to date no other M6
class EQs occurred within the KER selectivity map, make us interrelate the two stronger
EQs of Figure 1 to SES KER2. This association is in the same sense as the aforementioned
1986 Mw6.0 Kalamata EQ (at N37.0° E22.2°) was interrelated with the 1986 bay-like shape
SES at KER. These connections emphasise the importance of the KER geoelectric field
station on monitoring the seismic activity in southern Greece.
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3.2. SES Recorded at PIR Geoelectric Field Station

Two SES labeled PIR1 and PIR2 have been recorded at the PIR geoelectric field station,
and are shown in Figure 3.

SES PIR1, of duration ≈26 min, was recorded on 13 October 2023 and reported on 21
October 2023 (see Reference [92] of [67]). It was followed by an M6 class EQ, i.e., the Mw5.8
EQ that occurred on 29 March 2024 within the selectivity map of the PIR station (shown
in Figure 1 of [32]). The identification of PIR1 as SES was facilitated by employing NTA.
The latter led to values S = 0.066(3), κ1 = 0.069(3), S−= 0.083(4) which are compatible with
Equations (6) and (7).

On 6 July 2024, another SES labeled PIR2, see Figure 2b, with duration 6.4 min was
recorded at the PIR station. It was reported on 13 July 2024 (see Reference [95] of [67]). NTA
of PIR2 led to values S = 0.065(6), κ1 = 0.069(7), S− = 0.074(8), which satisfy the conditions
of Equations (6) and (7) for being considered as SES. PIR2 was not followed by an M6 class
EQ but rather by the Mw5.3 EQ that occurred two weeks later on 21 July 2024 with an
epicenter at N34.9°E 23.2° inside the selectivity map of PIR.

3.3. SES Recorded at ASS Geoelectric Field Station

On 8 January 2023 the signal shown in Figure 3 was recorded at ASS geoelectric field
station and reported on 12 January 2023 (see Reference [54] of [66]). Signal ASS1 involves
three rectangular pulses of duration between 3 and 3.5 min which are enclosed by the red
rectangles in Figure 3. The first two pulses are adjacent (both included in the first rectangle),
while the third one has a different polarity. Since various measuring dipoles are oriented in
different directions, and depending on their good operation, not all channels record ASS1.
The maximum deflection from the background is 9 mV. The strongest EQ that occurred
within the selectivity map of ASS is an Mw4.9 EQ on 7 February 2023 [68] with an epicenter
at N40.2° E23.6° approximately 90 km southeast of ASS geoelectric field station.

4. Discussion
First, we classify the five SES of Table 1 as either hits or false alarms. Considering that

we focus on the prediction of magnitude 6 class EQs, the results presented in Section 3.2
show that SES PIR1 is a hit since it preceded by approximately 5 1

2 months the Mw5.8 EQ
shown in Figure 1. On the other hand, SES PIR2 and ASS1 should be counted as false
alarms since they were followed by EQs of significantly smaller magnitudes, see Table 1.

Moreover, SES KER1, which is of bay-like shape, and was followed by a significant and
highly unlikely increase of the seismic activity without any strong (Mw > 5.5) EQ should
be also considered as a false alarm. SES KER1 convinces us about the necessity to continue
the long-time experimentation based on the VAN telemetric network since it is the second
time in almost 40 years that such a bay-like shape has been recorded. Recalling that the
previous observation of such a SES [111] was followed by the 1986 Mw6.0 EQ close to the
city of Kalamata [112], we consider that the KER station apart from recording SES close to
its vicinity—as indicated in its selectivity map [115]—it provides precursory information
for a wider area in southern Greece. In the future, both these bay-like shape SES could be
used for EQ prediction. A fact that differentiates between these two SES is their duration,
which is much larger in the case of the 1986 SES.

We now turn to the case of SES KER2, which was followed within a month by the
two Mw6.0 and 6.2 on 13 and 22 May 2025 EQs are shown in Figure 1. This case should be
considered as a hit due to the immediate time correlation between the EQs and the SES.
Further analysis of KER2 by NTA reveals that the corresponding values of S = 0.065(5),
κ1 = 0.064(6), S−= 0.066(8) satisfy the conditions of Equations (6) and (7). Additionally, as
mentioned in the previous paragraph KER station provides precursory information for a
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wider area in southern Greece, thus, it is not unlikely that these two EQs to be related to
KER2 although their epicenters lie outside the KER selectivity map[115].

We now separate our study period 1 January 2022 to 31 August 2025 into (approxi-
mately) 8 six-month periods. Since eight VAN stations, see Figure 1, could have recorded
SES during this study period (cf. in the past all of them recorded electric signals related
to EQs: Beyond the examples listed in Table 1, for IOA see [14], for VOL see [116], for
LAM see [117], for LOU see [50], and for PAT see [118]) there are in total 8 × 8 = 64 slots
for which predictions could have been issued. According to the definitions of Section 2.3,
this means that N = 64 with P=2 (since out of the 3 strong EQs of Figure 1 two of them
occurred within ten days) and Q = 62. Summarizing the previous paragraphs, we have
three false alarms, i.e., FP = 3, corresponding to SES ASS1, KER1, PIR2 and two hits (TP = 2)
for SES PIR1 and KER2. These lead to the operation point with hit rate = 1 and false
alarm rate = 3/62 = 4.8% shown by the red circle in the ROC diagram of Figure 5. Using
k-ellipses [92,93], we estimate that such an operation point has a p-value to be obtained by
chance equal to p = 0.9%. The AUC of the k-ellipse passing through this operating point is
0.99, which is characterized [95] outstanding. Even if we allow KER2 to be considered as a
false alarm (negating the strong time correlation with the two strongest EQs in Figure 1),
we obtain a hit rate of 50% and and false alarm rate = 4/62 = 6.5% leading to p = 2.5% and
AUC = 0.91 which is still characterized [95] outstanding. Thus, the VAN method for both
cases is statistically significant and can be characterized as outstanding.
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Figure 5. Receiver Operating Characteristics for the represented analysis of the application of the
VAN method in Greece during the period 1 January 2022 to 31 August 2025. The operation point
corresponds to the red circle in the upper left corner of the ROC and has p-value to be obtained by
chance p = 0.9%. The color contours correspond to k-ellipses [92,93] with p-values indicated by the
right colorbar.

Comparing the results of Figure 5 with those of Figure 4 of [64] —which corresponds
to the analysis of SES predictions from 1 April 1987 to 30 November 1989 in Greece—having
a hit rate ≈ 0.3 and false alarm rate ≈ 15% , we observe a significant improvement during
the present study period. This is certainly related to the improvement of the VAN telemetric
network, the fact that since 1995, SES are reported only when the expected magnitude M
is equal to or larger than 6.0 as well as the introduction [13,39,51] of NTA in 2001. At this
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point we have to comment that in the case of ASS1 of Figure 4 NTA could not be applied
because it consists of only three pulses. This might be the reason behind that ASS1 is a
false alarm.

As concerns the importance of reporting SES only when the expected magnitude M
is equal to or larger than 6.0, we have to mention that if we consider EQs of Mw = 5.5
in the results shown in Figure 1 we would get four more EQs all in 2022, see [119–122].
From these four EQs, two of them [119,120] were preceded by a SES recorded at ASS on
21 December 2021, i.e., 19 and 26 days before the EQs, respectively. The EQ epicenters lie
approximately 140 km away from ASS geoelectric field station inside or close (≈40 km) to
the ASS selectivity map (Figure 2 of [123]). The SES amplitude was not indicating that an
EQ of M ≥ 6.0 was impending and for this reason, the SES on 21 December 2021 was not
publicized. As concerns the other two EQs [121,122] with epicentral distances of 120 and
320 km from PIR and KER, respectively, they were not preceded by detectable SES. Hence,
we observe that when decreasing the target EQ magnitude, the hit rate also decreases since
SES are more easily masked by ambient noise. Of course, this is not a practical problem
since only strong (M ≥ 6.0) EQs are likely dangerous for inflicting damage to human
constructions and fatalities.

We now turn to the importance of the continuation of the experimentation with
the VAN telemetric network. We already discussed that during our study period a very
rare bay-like SES was recorded at KER, indicating that the KER geoelectric field station
may provide information on the seismicity in southern Greece. Moreover, SES KER2 that
preceded the two stronger EQs in Figure 1 indicates that the selectivity map of KER should
be augmented by taking into consideration these two new epicenter locations. We should
always have in mind that the VAN method is continuously improved as new strong EQs
occur and their corresponding SES are identified.

The VAN method is unique [16] in providing information for M6 class EQs which can-
not be superseded by the more recent EQ prediction methods developped by NTA [39,51].
The latter, which are based on seismological data only, are focused on either M7 class or M8
and M9 class EQs. This is an additional reason for the importance of the VAN telemetric
network in Greece since M7 class EQs are rare in Greece, see, e.g., the discussion in Section
2.1.

Finally, we note that machine learning methods have been also applied for the auto-
matic detection of SES using data from the VAN telemetric network. The initial attempts
were based on deep learning methods[124] while recently long short-term memory autoen-
coders have been used[125,126]. The results obtained are very promising, and real-time
application of these methods is planned for the future.

5. Conclusions
The application of the VAN method in Greece during the period 1 January 2022 to 31

August 2025 led to the following main conclusions:

1. All strong Mw > 5.5 EQs within the area N41.5
34.5E27.5

20.0, see Figure 1, have been preceded
by SES reported well before the EQ occurrence (see Table 1);

2. The VAN method is statistically significant, leading to a false alarm rate of 4.8%;
3. The study of the AUC in the ROC diagrams points to the characterization of the

method as outstanding;
4. The continuation of experimentation on the VAN method in Greece will improve the

accuracy of the related predictions.
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FN False negative
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GMT Generic mapping tools
GSM Global system for mobile communications
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