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Abstract: A joint analysis of solar wind, geomagnetic field, and earthquake catalog data showed that
before the catastrophic M = 7.8 and M = 7.5 Kahramanmaras earthquake sequence on 6 February
2023, a closed strong magnetic storm occurred on 7 November 2022, SYM/H = —117 nT. The storm
started at 08:04 UT. At this time, the high-latitudinal part of Turkey’s longitudinal region of future
epicenters was located under the polar cusp, where the solar wind plasma would directly access the
Earth’s environment. The time delay between storm onset and earthquake occurrence was ~91 days.
We analyzed all seven strong (M7+) earthquakes from 1967 to 2020 to verify the initial findings. A
similar pattern has been revealed for all events. The time delay between magnetic storm onset and
earthquake occurrence varies from days to months. To continue these investigations, a retrospective
analysis of seismic and other geophysical parameters just after preceded geomagnetic storms in the
epicenter areas is desirable.

Keywords: solar wind; geomagnetic storm onset; polar cusp; geospace weather; magnetic local
time; earthquake

1. Introduction

It has been found in some papers, for example [1-5] and references therein, that
earthquake occurrence may be preceded by a geomagnetic storm, which is one of Earth’s
most striking manifestations of solar wind activity. A lag time between a magnetic storm
onset and an earthquake occurrence varies; it could be about 2-6 days [1], 12-14 days [2],
26-27 days [3], several months [4], and for very large earthquakes (M7.5+), it may reach
up to multiple years [5]. Nevertheless, the idea of a relationship between earthquake
occurrence and a magnetic storm has been considered controversial up to now. In this
direction, the most famous and cited work is [6], where at a high statistical level, a hypothe-
sis was analyzed to see if the solarterrestrial interaction, as measured by sunspots, solar
wind velocity, and geomagnetic activity, might play a role in triggering earthquakes. The
authors of [6] counted the number of earthquakes occurring globally with magnitudes
exceeding chosen thresholds in calendar years, months, and days. Then, they ordered
these counts by the corresponding rank of the solarterrestrial variables” annual, monthly,
and daily averages. A statistical significance of the difference between the earthquake
number distributions below and above the median of the solar-terrestrial averages was
estimated by x? and Student’s t-tests. They found no consistent and statistically signif-
icant distributional differences. When they introduced time lags (5 days) between the
solar—terrestrial variables and the number of earthquakes, again, no statistically significant
distributional difference was found. Since they could not reject the null hypothesis of
no solar—terrestrial triggering of earthquakes, they concluded that there was insignificant
solar—terrestrial triggering of earthquakes. However, the results of [6] can be interpreted
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so that the Earth’s crust does not respond to solar events immediately or over the next
five days. In [7], a similar result was obtained for a limited territory (Anatolian Peninsula).
This work investigated the ratio of earthquakes that occurred during geomagnetically
disturbed days (Dst < —30 nT) to those that occurred on geomagnetically quiet days using
data on 122,838 events with magnitudes from 3.0 to 7.9 that occurred from 1965 to 2005
in the Anatolian Peninsula. It was concluded: “As a result of all these data, a hypothesis
cannot be put forward which suggests that geomagnetic storms trigger earthquakes in
the Anatolian peninsula”. In the same work [7], the author concluded, “However, these
results should not hinder the conduct of further research. A global study on this subject can
potentially provide new approaches”. Indeed, a new, to some extent, approach (discussed
below) gives us a hint that the solar—terrestrial interaction has an impact on earthquake
occurrence, but its nature may not be a trigger. The basis for this approach is our previous
results [4], which showed that sometimes earthquakes can look like targeted earthquakes.
Namely, they may occur near the footprint in the Earth’s crust of those geomagnetic lines,
which were populated by high-energy electrons pouring out from the outer radiation belt
downwards at the time of geomagnetic storms, in other words, when conductivity in
surrounding media is increased. Increasing conductivity in the ionosphere, for example,
is a key parameter in the mathematical model [8], which considers the hypothesis of the
electromagnetic generation of earthquakes due to the influence of solar flare energy on
the ionosphere—atmosphere-lithosphere system and the intensification of telluric currents
in the lithosphere, including around tectonic faults. The essence of the model [8] is that
the absorption of solar flare radiation in the ionosphere creates additional ionization in it,
which is accompanied by the appearance of an additional electric current and an additional
electric field, which will ultimately lead to an increase in the telluric current in the Earth’s
crust. It has been well known for many decades that at the dayside of the high latitudes,
there is a funnel-shaped area (polar cusp) where the solar wind plasma has direct access to
the atmosphere. As summarized in [9], the polar cusp is a vital connection point for the
solar wind—magnetosphere—ionosphere interaction, where the plasma density irregularities
have a wide range of spatial scales. The reconnection of the solar wind magnetic field with
the geomagnetic field at the dayside magnetopause impacts the polar cusp through flux
transfer events that enhance ionospheric flow, input to the appearance of the field-aligned
currents, and auroral particle precipitation. Often, polar-orbiting spacecraft observe Alfven
waves with scale sizes perpendicular to the geomagnetic field of the order of an electron
skin depth [10]. In the cusp, the density of the neutral atmosphere is always increased,
on average, by one and a half times, relative to the density in neighboring areas [11,12].
From a magnetic field point of view, the polar cusp is a funnel-shaped region where the
high-latitude dayside (compressed) and nightside (elongated) magnetic field lines converge
toward the geomagnetic poles [13]. Cusps have small sizes and small ionospheric foot-
prints; nevertheless, they are essential in transferring solar wind energy, momentum, and
plasma to the atmosphere. The investigation of the penetration through the polar cusps
of the shocked solar wind is one of the primary science objectives of the Cluster mission,
which is composed of four identical spacecraft flying around the Earth [14]. The Cluster
data revealed [15] that most of the time, the cusp is located at magnetic latitudes ~75-80°
and in a longitudinal region of 10-14 h magnetic ocal time (MLT). However, sometimes
its longitudinal extension may be more comprehensive, depending, for example, on the
length of the reconnection X-line at the magnetopause [16]. So, data from the Polar satellite
demonstrate [17] that the polar cusp may be between 8 and 16 h MLT. Considering the
above, it can be assumed that strong earthquakes can occur “targeted” in the longitudinal
region, in which its high-latitude area was located under the polar cusp at the time of the
arrival of the shocked solar wind (at the time of geomagnetic storm onset). Below, we test
this assumption.
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2. Materials and Methods

This study investigates earthquakes from the United States Geological Survey (USGS)
global seismological catalog (https:/ /earthquake.usgs.gov/earthquakes/search/ accessed
on 20 February 2023), which presents the moment magnitude (Mw, hereafter referred to
as M for simplicity). The data on the solar wind parameters are taken from the OMNI
database (http:/ /cdaweb.gsfc.nasa.gov, accessed on 20 February 2023), which was obtained
from current and past space missions and projects. From the World Data Center for
Geomagnetism, Kyoto (https:/ /wdc.kugi.kyoto-u.ac.jp/ accessed on 20 February 2023), the
onset and intensity of the geomagnetic storms were revealed using the 1 h Dst (Disturbance
Storm Time Index) before 1981 and the 1 min “SYM-H” index after 1981, since the latter is
absent before 1981. The “SYM-H” index, measured at the Earth’s surface, is, in fact, the high-
resolution Dst index [18], allowing one to determine the onset and intensity of a magnetic
storm more precisely. According to [19], depending on the Dst value, geomagnetic storms
are classified into weak (Dst from —30 to —50 nT), moderate (Dst from —50 to —100 nT),
strong (Dst from —100 to —200 nT), powerful (Dst from —200 to —350 nT), and extreme (Dst
below —350 nT). Also, we used data on the storm sudden commencement—SSC, which
were obtained by the Observatorio del Ebro, Roquetes, Spain, from the web page (ftp:
/ /ftp.ngdc.noaa.gov/STP/SOLARDATA /suddencommencements/storm2.55C, accessed
on 20 February 2023). We suggest that the occurrence of a strong earthquake may follow a
particular geomagnetic storm in only a specific longitudinal region (depending on the time
of geomagnetic storm onset). At this step, the method of investigation was manual (visual).
Since we know the date of the earthquake and the coordinates of its epicenter, we visually
determine those preceded by geomagnetic storms, during the beginning of which (in time
of SSC) the longitude of the earthquake epicenter was located under the polar cusp; that is,
the magnetic local time at the point of the future epicenter was within 8-16 h. The MLT is
often used to describe the position in near-Earth space because the longitude, which rotates
with the Earth, is not a helpful parameter for this (https://ecss.nl/item/?glossary_id=1619,
accessed on 20 February 2023). The MLT has a value of 0 (midnight) in the anti-sunward
direction, noon in the sunward direction, and 6 (dawn) and 18 (dusk) perpendicular to
the sunward/anti-sunward line. This system is essential for understanding phenomena
in geospace, such as the aurora, plasma motion, ionospheric currents, and associated
magnetic field disturbances, which are highly organized by Earth’s main magnetic field.
The MLT values were estimated using the online program (https://omniweb.gsfc.nasa.gov/
vitmo/cgm.html, accessed on 20 February 2023). In Table 1, the data on the nine analyzed
earthquakes are presented, and in Figure 1, the location of their epicenters is shown.
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Figure 1. A map of strong earthquakes M > 7.0 that occurred inside and around the Anatolian Plate
in 1967-2023. The orange indicates a depth of <30 km, and the yellow indicates earthquakes with a
depth of >30 km. An added epicenter of M = 6.1 occurred on 23 November 2022 and is discussed in
the text.
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Table 1. Data on strong M > 7.0 earthquakes inside and around the Anatolian Plate, preceding
geomagnetic storms, magnetic local time at the area of an epicenter at the time of geomagnetic storm
onset, and lag time between storm onset and earthquake occurrence. Shades of gray indicate two
Prime events. in this manuscript. Everything starts with these two events.

Geomagnetic Storm

Earthquake Catalog (USGS) (Date, Intensity, Time of Storm Onset, and Magnetic Local Time Lag
Positive SYM/H Index (nT) Time in the between
Epicenter at Time Storm Onset
Date H Intensity Onset of Storm Onset and EQ
Time (UTC) Lat./Long. (km) M Date (nT) Class (UTQ) (Hour) (Days)
6 February 2023, 37.226° N, 7 Novem- +10nT at
. 37014°E 0 78 perno2 —17 ST 08:04 [ o
01:17:34
6 February 2023, 38,011° N 7 Novem- +10 nT at
J1ope . 74 75 —117 Strong ) 10.97 91
10:24:48 37.196° E ber 2022 08:04
2 %‘;%‘st ~39 Small *207;;3 at 11.66 89
30 October 2020, 37.897° N 1 7 ’
11:51:27 26.784° E 5 October +1 nT at
2020 —37 Small 08.12 10.48 25
9 Septem- +74 nT at
ber 2011 77 Moderate 13:16 16.63 44
17 +61 nT at
23 October 2011,  38.721° N, 18 71 Septem- —43 Small 8:10 11.53 36
10:41:23 43.508° E ’ ber 2011 :
26
Septem- —111 Strong +t61222£ 15.99 27
ber 2011 atts
22
Septem-  —166 stong T 1527 51
12 November 40.758° N, 10 79 ber 1999 ’
1999, 16:57:19 31.161° E ’ 21
October 211 Powerful +472,5‘6Tft 9.8 21
1999 :
1613999“1 ~123 Strong +1101f12T5 at 14.04 123
17 August 1999,  40.748° N, 17 76 ’
00:01:39 29.864° E ’ 15 August _ +36 nT at
1999 44 Small 11:52 14.49 1.5
24 November 39.121° N, 30 +18 nT at
1976,1222:18  44.0290°E  ° 73 Og";ger -% Moderate 10:30 14.03 %
15
January —51 Small +Zg.r31§ at 12.2 72
28 March 1970, 39.098° N 25 79 1970 ’
21:02:26 29.570° E 27 March s Small +44 nT at o 15
1970 8:30 : :
22 July 1967, 40.751° N, 25 May +55nT at
16:57-00 308° F 30 7.3 1967 —387 Extreme 12:30 15.29 58

* marks the time of a dense solar wind flux arrival that resulted in a sharp increase in the solar wind dynamic
pressure at the magnetopause.

2.1. Case Study for M = 7.8 and M = 7.5 of 6 February 2023

Two catastrophic earthquakes in Turkey on 6 February 2023, M = 7.8 at 01:17:34 UTC
with epicenter 37.226° N, 37.014° E, 10.0 km depth, and M = 7.5 at 10:24:48 UTC with
epicenter 38.011° N, 37.196° E, 7.4 km depth, were preceded by a strong geomagnetic storm
on 7 November 2022, with the most significant negative “SYM/H” = —117 nT (Figure 2).
This storm started at 08:04 UT with positive peak “SYM/H” = +10 nT. At this time, in the
area of the future M = 7.8 earthquake epicenter (37.226° N, 37.014° E), the magnetic local
time was equal to MLT = ~10.96 h, and in the area of the future M = 7.5 earthquake epicenter
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SYM/H index
nT

(38.011° N, 37.196° E), it was equal to MLT = ~10.97 h. Thus, the storm on 7 November 2022,
met a given criterion: at the time of its onset, the high-latitude part of the longitudinal
region where, in the future, the Kahramanmaras earthquake sequence occurred was located
under the polar cusp.

OMNI (1AU IP Data) IMF and Plasma data HRO>1minute

t t t t H——f—+ t 1 1 t t H——t t t t t t t t t

50 =

o H —
—50

N M7.8 1

N M7.5 ]

—100 |~ Feb 6 ]

- Nov 7, 2022 2023 .

—150 — , , , ; — | | | , ; , s ; — —

00:00:00 09:50:24 19:40:48 05:351212

Nov 5 2 Dec 5 23 Jan 4 23 Feb 4

TIME RANGE=2022/11/5 (309) to 2023/2/11 (42)

Figure 2. The 1 min data on the geomagnetic “SYM/H” index from 1 November 2022 to 10 February
2023; on the right, a Red line marks the date of the M = 7.8 and M = 7.5 Kahramanmaras earthquake
sequence on 6 February 2023; on the left, a preceding geomagnetic storm on 7 November 2022,
is indicated.

To consider in more detail the solar wind (space weather) parameters that provoked
this geomagnetic storm and then earthquakes (as we suppose), let us consider Figure 3,
which presents not only the “SYM/H” index but also the solar wind proton density, solar
wind dynamic pressure at the magnetopause, and the vertical component of the solar wind
magnetic field (interplanetary magnetic field) in the GSM coordinate system (Bz_GSM),
which is a critical parameter for development of a magnetic storm. In this plot, we show
data from the OMNI database for only a short time interval (6-9 November 2022) for
better visualization. It can be seen from Figure 3 that on 7 November 2022, at 06:25 UT,
the “SYM/H” index changed its value from negative to positive and reached its positive
peak at 08:04 UT. The solar wind flux density (n) and, accordingly, the dynamic pressure
of the solar wind on the dayside magnetopause (P) also started to increase and reached
their peaks on 7 November 2022, at 10:23 UT (n = 27.88 cm 3, P = 8.81 nPa). A change
in the orientation of the vertical component of the interplanetary magnetic field Bz_GSM
from positive to negative (at which an effective reconnection of the solar wind magnetic
lines with geomagnetic lines occurs) began at 09:31 UT. At 10:37 UT, the “SYM/H” index
changed its value from positive to negative (the main phase of the geomagnetic storm
started). Thus, the initial phase of the magnetic storm on 7 November 2022 lasted from
~08:04 UT to ~10:37 UT. At 10:37 UT, the magnetic local time in the areas of the future
Kahramanmaras earthquake sequence was equal to 13.51 h and 13.52 h, respectively. This
means that during the initial storm phase, the high-latitudinal area of the Kahramanmaras
longitudinal region was located under the polar cusp. The time delay between geomagnetic
storm onset and earthquake occurrence equals ~91 days (Table 1).

To check and confirm that the result obtained for the Kahramanmaras earthquake
sequence is not random, we carried out a similar analysis for the other seven strong M > 7.0
earthquakes inside and around the Anatolian Plate (Table 1, Figure 1).
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Figure 3. rom bottom to top: The 1 min data on the geomagnetic “SYM/H” index, the pressure
of the solar wind at the magnetopause, solar wind protons density, and the vertical component of
the interplanetary magnetic field in the GSM coordinate system (Bz_GSM) in the Earth’s orbit for
6-9 November 2022, from the OMNI database.

2.2. Case Study of M = 7.0 of 30 October 2020

On 30 October 2020, a strong M = 7.0 earthquake occurred in the Aegean Sea at
11:51:27 UTC with coordinates of the epicenter 37.897° N, 26.784° E, at a depth of 21.0 km.
This earthquake was preceded by two sequential small magnetic storms (Figure 4), which
satisfied the chosen criteria: at the time of geomagnetic storm onset, the high-latitudinal area
of the longitudinal region of the earthquake epicenter was located under the polar cusp.

The first such minor geomagnetic storm started on 2 August 2020, at 09:23 UT with a
positive “SYM/H” = +27 nT and reached its most significant negative “SYM/H” = —39 nT
on 3 August at 03:31 UT (Figure 5). In the initial phases of this storm, the magnetic local
time around the future epicenter (37.897° N, 26.784° E) was equal to MLT = ~11.66 h. Thus,
at the time of this storm’s onset, the high-latitude part of the longitudinal region, where the
M = 7.0 earthquake later occurred, was located under the polar cusp. The delay between
this magnetic storm onset and earthquake occurrence equals ~89 days (Table 1).
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Figure 4. The 1 min data on the geomagnetic “SYM/H” index for 27 July-30 October 2020; on the
right, a red line marks the date of the M = 7.0 earthquake on 30 October 2020 (37.897° N, 26.784° E); on
the left, parameters of two small geomagnetic storms, which satisfied the given criteria, are indicated.
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Figure 5. From bottom to top: The 1 min data on the geomagnetic “SYM/H” index, the dynamic
pressure of the solar wind at the magnetopause, and the solar wind proton density for 1-3 August
2020; a red line marks the positive peaks in the solar wind and geomagnetic field parameters on
2 August 2020, at 09:23 UT.

The second small geomagnetic storm “SYM/H” = —37 nT on 5 October 2020, at
22:38 UT, started on 5 October at 08:12 UT with a sudden jump in the “SYM/H” index from
—9nT to +1 nT (Figure 6). In the initial phases of this storm (08:12 UT), the magnetic local
time in the area of the future epicenter (37.897° N, 26.784° E) was equal to MLT = 10.48 h.
Thus, this storm met a given criterion: at the time of its onset, the high-latitude part of the
longitudinal region, where in the future the M = 7.0 earthquake occurred, was located under
the polar cusp. The delay between this magnetic storm onset and earthquake occurrence
equals ~25 days (Table 1).
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line marks a sharp positive jump in the solar wind and geomagnetic field parameters on 5 October
2020, at 08:12 UT.

2.3. Case Study of M = 7.1 of 23 October 2011

On 23 October 2011, a strong M = 7.1 earthquake occurred at 10:41:23 UTC with coordi-
nates of the epicenter 38.721° N, 43.508° E, at a depth of 18.0 km. This event was preceded
by three geomagnetic storms in September 2011 with clear, sudden onsets (Figure 7).
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Figure 7. The 1 min data on the geomagnetic “SYM/H” index from 7 September 2011 to 24 October
2011; on the right, a red line marks the date of the M7.1 earthquake on 23 October 2011 (38.721° N,
43.508° E); on the left, sudden onsets of the three preceding geomagnetic storms are indicated.

The first moderate storm, “SYM/H” = —77 nT, started on 9 September at 13:16 UT
with positive “SYM/H” = +74 nT; the second weak storm, “SYM/H"”= —43 nT, started on
17 September at 08:10 UT with positive “SYM/H” = +61 nT; and the third strong storm,
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“SYM/H” = —111 nT, started on 26 September at 12:38 UT with positive “SYM/H"” = +62 nT.
In the initial phases of these three geomagnetic storms, the MLT values in the area of
the future epicenter (38.721° N, 43.508° E) were equal to ~16.63 h, 11.53 h, and 15.99 h,
respectively. Thus, in the initial phase of these geomagnetic storms, the high-latitude area
of the longitudinal region where the M = 7.1 earthquake occurred was located near the
cusp at the time of the first and the third magnetic storms, while being strictly under the
cusp at the time of the second storm. The lag times between the magnetic storm onsets and
earthquake occurrence are equal to ~44, ~36, and ~27 days, respectively (Table 1).

2.4. Case Study for M = 7.2 of 12 November 1999

On 12 November 1999, a strong M = 7.2 earthquake occurred at 16:57:19 UTC with
coordinates of the epicenter 40.758° N, 31.161° E, at a depth of 10.0 km. It was preceded by
a strong geomagnetic storm on 22 September 1999, “SYM/H” = —166 nT, and a powerful
one on 21 October 1999, “SYM/H” = —211 nT (Figure 8).
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Figure 8. The 1 min data on the geomagnetic “SYM/H” index from 15 September 1999 to November
15, 1999; on the right, a red line marks the date of the M = 7.2 earthquake on 12 November 1999
(40.758° N, 31.161° E); on the left, two preceding geomagnetic storms are indicated.

Below, we analyze these two storms in more detail. Figure 9 shows that the first
storm started on 22 September 1999, at 12:34 UT, due to the arrival of a dense solar wind
proton flux (upper panel), which increased dynamic pressure at the magnetopause (middle
panel). At the time of storm onset, a magnetic local time around the future epicenter
(40.758° N, 31.161° E) was equal to MLT = 15.27 h; that is, the high-latitude part of the
M =7.2 epicenter longitudinal region (31.161° E) was under the cusp. The delay time
between the geomagnetic storm onset and earthquake occurrence equals ~51 days (Table 1).

Besides this, Figure 9 shows that during this storm, the second arrival of a dense
solar wind flux occurred, which resulted in increasing positive “SYM/H” up to +71 nT at
20:12 UT. It is not difficult to estimate that this time, the high-latitude part of an American
longitudinal region was located under the polar cusp; one could expect a strong earthquake
in this region. Indeed, according to the USGS seismic catalog, three strong earthquakes
occurred here, namely, M = 7.5 in Mexico (16.059° N, 96.931° W) on 30 September 1999,
with a time lag of ~8 days; M = 7.1 in California (34.603° N, 116.265° W) on 16 October 1999
with a time lag of ~24 days, and M = 7.0 at Alaska (57.342° N, 154.347° W) on 6 December
1999 with a time lag of ~75 days.
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Figure 9. From bottom to top: The 1 min data on the geomagnetic “SYM/H” index, the dynamic pres-
sure of the solar wind at the magnetopause, and the solar wind proton density for 22-23 September
of 1999; a red line marks a sharp increase in these parameters, which started on 22 September 1999, at
12:34 UT.

In Figure 10, we show the solar wind parameters for the powerful geomagnetic storm
with “SYM/H” = —219 nT, which started on 21 October 1999, at 23:41 UT, with positive
“SYM/H” = +42 nT. It is not difficult to calculate that at this time (23:41 UT), the high-
latitude part of the longitudinal region ~125-245 E could be located under the polar cusp
if it is between 8 and 16 h. Again, one could expect strong earthquakes in this region,
which is indeed what happened. According to the USGS seismological catalog, on 19
November 1999, an M = 7.0 event occurred in Papua New Guinea (6.351° S, 148.763° E), a
time lag of ~29 days; on 26 November 1999, an M = 7.5 event occurred in Vanuatu (16.423° S,
168.214° E), a time lag of ~36 days; and on 6 December 1999, an M = 7.0 event occurred in
Alaska (57.342° N, 154.347° W = 205.653 E), a time lag of ~46 days.

Besides this, Figure 10 shows that at the negative peak of the main phase of this
powerful magnetic storm, the arrival of a dense solar wind flux occurred, which resulted in
a sharp increase in the solar wind dynamic pressure at the magnetopause up to 35 nPa on
22 October 1999, at 07:06 UT. At this time, a magnetic local time in the area of the future
epicenter (40.758° N, 31.161° E) was equal to MLT = 9.8 h; that is, the high-latitude part
of the M = 7.2 epicenter longitudinal region (31.161° E) was under the polar cusp. The
arrival of this dense solar wind flux could add some energy to the region of earthquake
preparation. The delay between the arrival of a dense solar wind flux on 22 October 1999
at 07:06 UT and the M = 7.2 earthquake occurrence on 12 November 1999 was equal to
~21 days (Table 1).
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Figure 10. From bottom to top: The 1 min data on the geomagnetic “SYM/H” index, the dynamic
pressure of the solar wind at the magnetopause, and the solar wind proton density in the Earth’s
orbit for 21-22 October 1999. The red line marks the arrival of a dense solar wind flux.

2.5. Case Study for M = 7.6 of 17 August 1999

On 17 August 1999, a catastrophic M = 7.6 earthquake occurred at 00:01:39 UT with
epicenter coordinates 40.748° N, 29.864° E, at a depth of 17 km. This earthquake was
preceded by a strong magnetic storm “SYM/H” = —123 nT on 16 April 1999 (Figure 11).
According to the Observatorio del Ebro, Roquetes, Spain, the sudden onset of this storm
(SSC) occurred at ~11:25 UT on 16 April 1999, with a positive “SYM/H” = +10 nT, which
then increased up to “SYM/H” = +63 nT at ~14:49 UT. During geomagnetic storm onset
(SSC at ~11:25 UT), the magnetic local time at the territory of the future epicenter (40.748° N,
29.864° E) was equal to MLT = ~14.04 h. The high-latitude zone of the longitudinal region
in which the M = 7.6 occurred was under the polar cusp.
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Figure 11. The 1 min data on the geomagnetic “SYM/H” index from 1 April 1999 to 31 August
1999; on the right, a red line marks the date of the M = 7.6 earthquake on 17 August 1999 (40.748° N,
29.864° E); on the left, a preceding geomagnetic storm on 16 April 1999 is indicated.
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Besides this, an analysis of the solar wind and geomagnetic field behavior before the
earthquake on 17 August 1999 has revealed (Figure 12) that on the eve of the M = 7.6 event,
the positive value of the “SYM/H” index sharply increased up to 36 nT on 15 August
1999, at 11:52 UT (almost the same time as for SSC on 16 April 1999). A small geomagnetic
storm (“SYM/H” = —44 nT) started. At 11:52 UT, the magnetic local time at the territory of
the future epicenter (40.748° N, 29.864° E) was equal to MLT = ~14.49 h; that is, the high-
latitude area of the epicenter longitudinal region was under the polar cusp. Considering
two geomagnetic storms that preceded the M = 7.6 earthquake, one may conclude that
the delay times between storm onsets and earthquake occurrence were equal to ~123 and
~1.5 days, respectively (Table 1). Again, it seems that the arrival of the dense solar wind
flux on 15 August 1999, at 11:52 UT, could add some energy to the region of earthquake
preparation, which could start after a magnetic storm onset on 16 April 1999, at ~11:25 UT.
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Figure 12. From bottom to top: The 1 min data on the “SYM/H” index, the dynamic pressure of the
solar wind at the magnetopause, and the solar wind proton density in the Earth’s orbit for 15-17
August 1999; on the right, a red line marks the date of the M = 7.6 earthquake on 17 August 1999
(40.748° N, 29.864° E); on the left, the date of a sharp jump in the solar wind and geomagnetic field
parameters on 15 August at 11:52 UTC is indicated.

2.6. Case Study for M = 7.3 of 24 November 1976

On 24 November 1976, a strong M = 7.3 earthquake occurred at 12:22:18 UT with
coordinates of the epicenter 39.121° N, 44.029° E, at a depth of 36.0 km. This event was
preceded by a moderate geomagnetic storm (Dst= —57 nT) that started on 30 October 1976,
at 10:30 UTC, with positive Dst = +18 nT (Figure 13). At this time, the magnetic local time
in the area of the future epicenter (39.121° N, 44.029° E) was equal to MLT = 14.03 h. The
high-latitude zone of the longitudinal region where the M = 7.3 earthquake occurred was
located under the polar cusp. The delay between the magnetic storm onset and earthquake
occurrence equals ~25 days (Table 1).
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Figure 13. The 1 h data on the Dst index in 1976 from 28 October to 29 November; on the right, a
black line marks the date of the M = 7.3 earthquake on 24 November 1976 (39.121° N, 44.029° E); on
the left, the start of a preceding geomagnetic storm on 30 October 1976 at 10:30 UTC is indicated.

2.7. Case Study for M = 7.2 28 March 1970

On 28 March 1970, a strong M = 7.2 earthquake occurred at 21:02:26 UT with coordi-
nates of the epicenter 39.098° N, 29.570° E, at a depth of 25.0 km. This event was preceded
by three geomagnetic storms in January—-March 1970 (Figure 14).
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Figure 14. From bottom to top: The 1-h data on the geomagnetic Dst index, the dynamic pressure of
the solar wind at the magnetopause, and the solar wind proton density from 10 January to 1 April
1970; on the right, a black line marks the date of the M = 7.2 earthquake on 28 March 1970 (39.098° N,
29.570° E); on the left, preceding geomagnetic storms are indicated.

The first weak geomagnetic storm (Dst = —51 nT) started on 15 January at about
09:30 UT (positive Dst = +20 nT). At this time, the magnetic local time in the area of the
future epicenter (39.098° N 29.570° E) was equal to MLT = ~12.2 h. Thus, this storm met
a given criterion: at the time of its onset, the high-latitude part of the longitudinal region
where the M = 7.2 earthquake later occurred was located under the polar cusp. The delay
between this magnetic storm onset and earthquake occurrence equals ~72 days.

The second powerful storm (Dst = —284 nT) had no clear initial phase. However, at
the negative peak of the main phase of this powerful magnetic storm, the arrival of a dense
solar wind flux occurred, which resulted in a sharp increase in the solar wind dynamic
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pressure at the magnetopause up to 32 nPa on 8 March at 19:30 UT. It is not difficult to
understand that at this time, the high-latitude area of the American longitudinal region
was under the polar cusp. Three strong earthquakes occurred here with a time lag of 52,
84, and 145 days. The first M = 7.3 occurred in Mexico on 29 April 1970, and the other two
occurred in Peru: M = 7.9 on 31 May and M = 8.0 on 31 July.

The third weak magnetic storm (Dst= —50 nT) started on 27 March at 08:30 UT (positive
Dst = +44 nT). At this time, the magnetic local time in the area of a considered epicenter
(39.098° N, 29.570° E) was equal to MLT = ~11.2 h. The high-latitude area of the longitudinal
region in which the M = 7.2 earthquake occurred was located under the polar cusp. The
delay times between two small magnetic storms’ onset (15 January and 27 March 1970) and
earthquake occurrence on 28 March equal ~72 and ~1.5 days, respectively (Table 1). Again,
it seems that as a small magnetic storm started on 27 March 1970, at 08:30 UT, it could add
some energy to an area of M = 7.2 earthquake preparation, which could start after a small
magnetic storm on 15 January 1970, at ~09:30 UT.

2.8. Case Study for M = 7.3 of 22 July 1967

On 22 July 1967, a strong M = 7.3 earthquake occurred at 16:57 UT with coordinates of
the epicenter 40.751° N, 30.8° E, at a depth of 30.0 km. This seismic event was preceded by
an extreme geomagnetic storm (Dst = —387 nT) starting on 25 May 1967, at 12:30 UT, from a
sudden positive increase in the Dst index to +55 nT. Figure 15 presents the 1 h Dst data for
10 May-25 July 1967. At the time of the magnetic storm onset (12:30 UT), the magnetic local
time in the area of the future epicenter (40.751° N, 30.8° E) was equal to MLT = ~15.29 h.
Thus, this storm met a given criterion: at the time of its onset, the high-latitude part of the
longitudinal region where the M = 7.3 earthquake later occurred was located under the
polar cusp. The time delay between an extreme magnetic storm on 25 May 1967 and the
M =7.3 earthquake on 22 July 1967 was equal to ~58 days (Table 1).
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Figure 15. The 1 h data on the geomagnetic Dst index for 10 May-25 July 1967; on the right, a black
line marks the date of the M = 7.3 earthquake on 22 July 1967 (40.751° N, 30.8° E); on the left, a
preceding geomagnetic storm on 25 May 1967 is indicated.

3. Discussion and Conclusions

One of the still-open questions to the Earth and space community is how the energy
of the geospace environment impacts lithospheric processes. Some papers show that solar
flare X-ray radiation, coronal mass ejections, and geomagnetic storms may precede the
occurrence of earthquakes ([1-8,20-23] and references therein). Many years of statistical
searching in this direction have led to a mathematical model [8] that considers a hypothesis
of electromagnetic earthquakes being triggered by a sharp rise of telluric currents in the
lithosphere, including crust faults, due to the interaction of solar flare X-ray radiation with
the ionosphere-atmosphere-lithosphere system. Recently, the authors of [24] have investi-
gated the level of the geomagnetically induced current index (GIC) in the Mediterranean
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region during the strongest magnetic storms of solar cycle 24 (2008-2019). The GIC index
is a proxy of the geoelectric field, calculated entirely from geomagnetic field variations.
Their results showed that the GIC index increased during the magnetic storm events in the
24th solar cycle, and its increase appears simultaneously with the SSC occurrence, which
agrees with other GIC studies for low and middle latitudes, e.g., [25]. In the mathematical
model [8], a critical point is the increase in the ionosphere’s radiation and conductivity.
In the approach to explain an increase in global seismic activity in the solar minimums,
again, a critical point is an increase in radiation and conductivity of the upper troposphere
and lower stratosphere, produced by the galactic cosmic rays [26,27], whose intensity
increases in solar minimums. It has been found recently [4] that strong earthquakes may
appear addressed (targeted) because they occur near the footprints of certain geomagnetic
lines belonging to a newly created radiation belt into the lower magnetosphere when the
high-energy electrons in the outer radiation belt spill down due to a geomagnetic storm.
Again, the critical point for this effect may be an increase in radiation and conductivity in
the mesosphere and upper stratosphere due to the precipitation of energetic electrons from
the radiation belt up to the stratopause, as shown in [28]. The above suggests that active
space weather can provoke strong earthquakes in those longitudinal regions above which a
near-space environment, including geomagnetic lines, can be sufficiently populated with
charged particles (be conductive). On Earth, there are two places where geomagnetic lines
may constantly be filling with charged particles. These are the polar cusps where the solar
wind plasma would directly access the atmosphere [9-17]. The magnetic local time deter-
mines the length of the polar cusps in longitude, and its largest extension is expected to be
between 8 and 16 h MLT [17]. Due to the Earth’s rotation, different longitudinal regions are
located under the polar cusps during the arrival of the shocked solar wind flows. Thus,
an idea was formed to check whether, after the magnetic storm, strong earthquakes will
be more likely to occur in that longitudinal region, where its high-latitudinal area was
located under the cusp when a shocked solar wind arrived (in time of SSC). Our analyses
of nine strong (M > 7.0) earthquakes inside and around the Anatolian Plate, including the
M =7.8 and M = 7.5 Kahramanmaras earthquake sequence on 6 February 2023, proved this
suggestion. Moreover, for each of the other seven earthquakes, which occurred here from
1967, we could also identify preceding geomagnetic storms that met a given criterion: the
magnetic local time (MLT) at an area of a future epicenter was between 8 and 16 h at the
time of geomagnetic storm onset. The results showed (Table 1) that before four earthquakes
(M =7.8and M =7.5 on 6 February 2023, M = 7.3 on 24 November 1976, and M = 7.3 on 22
July 1967), there was only one geomagnetic storm with a given criterion (strong, moderate,
and extreme, respectively). Before four earthquakes (M = 7.0 on 30 October 2020; M = 7.2
on 12 November 1999; M = 7.6 on 17 August 1999; and M = 7.2 on 28 March 1970), there
were two magnetic storms with a given criterion (small + small, strong + powerful, strong
+ small, and small + small, respectively). Before one seismic event (M = 7.1 on 23 October
2011), there were three consecutive magnetic storms with a given criterion (moderate, small,
and strong). The lag time between a magnetic storm onset and earthquake occurrence
varied from ~1.5 days (two cases: M = 7.6 on 17 August 1999, and 28 March 1970, when two
magnetic storms preceded earthquakes) to 123 days (one case for the M = 7.6 on 17 August
1999, preceded by two magnetic storms). On average, the delay is equal to ~50 days.
Observed long delays between geomagnetic storm onset and earthquake occurrence
may tell us that space weather phenomena do not trigger earthquakes immediately. Instead,
the solar wind stimulates the lithosphere processes that we see, which then, with a time
delay, result in earthquakes. These processes may be related to geoelectricity, for example.
So, the authors of [29] investigated seismicity and geoelectric potential changes, possibly
associated with the seismic swarm activity in the Izu Island region, Japan, which took
place in June-September of 2000. They showed that a swarm activity was preceded by
pronounced electrical activity with innumerable signals that started two months before the
swarm onset. The authors [30] also revealed a time delay for the ULF geomagnetic anomaly
associated with the 2000 Izu Islands earthquake swarm. Namely, about three months
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before the beginning of swarm activity, the local signal level around the magnetometer
associated with crustal activity (such as the vibration of the ground) was slightly enhanced.
A similar result was obtained in [31] for the M = 7.8 earthquake at the Anatolian Fault
on 6 February 2023. The authors of [31] performed a natural time analysis (NTA) of the
seismicity preceding the Kahramanmaras earthquake doublet. They revealed a minimum
fluctuation of the order parameter of seismicity that ended on 18 October 2022, pointing to
the initiation of seismic electrical activity. This occurred almost three and a half months
before the M = 7.8 earthquake. Table 1 shows that this earthquake occurred three months
(91 days) after the start of the geomagnetic storm on 7 November 2022. There may be a
connection between the initiation of seismic and electrical activity detected in [31] and
the geomagnetic storm that occurred. If such a connection could be strictly established,
it could provide direct evidence of the contribution of space weather to the earthquake
preparation process.

Also, a time delay could appear if the shocked solar wind influences the upward lifting
of fluids, which are active participants in tectonic earthquakes [32]. We cannot know what
happens to fluids at a depth of the earthquake source, but we can expect that sometimes (in
exceptional situations), the effects of fluids can manifest themselves at the Earth’s surface.
It is possible that one of these exceptions was the sharp emanation of radon before the
M = 6.9 earthquake in Kobe, Japan, on 16 January 1995 [33].

If the idea with fluids is true, then, depending on the fragmentation of the lithosphere
in different places, the time duration of fluid rise could vary. It is possible that such a
situation occurred after the magnetic storm on 7 November 2022. It is shown above that the
Kahramanmaras earthquake doublet occurred 91 days after the magnetic storm. However,
16 days after the storm, on 23 November 2022, an earthquake M = 6.1 occurred in the north
of the Anatolian Fault, with epicenter coordinates 40.836° N, 30.983° E (Figure 1). Here, in
the recent past, three strong events occurred, namely, M = 7.6 on 17 August 1999, M =7.2
on 12 November 1999, and M = 7.2 on 22 July 1967. It is possible that previous strong
earthquakes caused the conditions created in this fault area, and the rise of fluids was
facilitated here.

If this proves to be true, in the frame of our investigation, the next question could be:
“How is it possible that the fluid uplifting happens very efficiently only in the time sector of
a cusp and is not efficient in all other longitudinal sectors?” To our mind, the processes into
the cusp could give us a small hint. So, the CHAMP and DMSP satellites discovered that
the density of the neutral atmosphere in the cusp funnel is always increased, on average,
by one and a half times relative to the density in neighboring areas [11,12]. A leading
candidate driver mechanism for explaining the density anomaly in the cusp involves soft
auroral precipitation driving neutral upwelling. The authors of [12] say: “Our preferred
explanation is that dayside reconnection fuels Joule heating of the thermosphere causing
air upwelling and at the same time heating of the electron gas that pulls up ions along
affected flux tubes”. Thus, in the outer geospheres (magnetosphere, ionosphere), the rise
of thermospheric gases occurs most effectively in the polar cusp funnel. In the middle
geosphere (troposphere), the upward rise of air masses occurs, as we know, most effectively
in the funnel of an atmospheric tornado. Suppose the processes in different geospheres
are electrically interconnected. In that case, it is possible that the solar wind energy
received by a beam of geomagnetic lines in the polar cusp will be delivered to the inner
geospheres precisely along these geomagnetic lines (via Alfven waves, for example). Then,
the upward rise of intra-terrestrial gases (fluids) can also occur along the bundle of these
specific geomagnetic lines, and earthquakes will occur “targeted” at the footprint of these
geomagnetic lines. The journey of intra-terrestrial fluids from the deep Earth is a fascinating
process. As they move upward, they create fractures, mainly in the upward direction, as
the rock overburden finishes and becomes less resistant to gas-pressure fracturing. These
fractures then serve as conduits through the solid lithosphere [34]. By holding the faces
apart, gas inflow into fault lines significantly reduces internal friction, thereby facilitating
earthquakes. When these fluids reach near-surface pressure, they transform into invisible



Geosciences 2024, 14, 159 17 of 18

gases such as methane, carbon dioxide, hydrogen sulfide, hydrogen, nitrogen, helium, and
various trace gases like radon [35,36].

Electrical coupling between an external and internal geosphere is expected; it is
suggested in [37] that the process of earthquake preparation and realization could be
related to the functioning of the global electric circuit (GEC). One of the main characteristics
of the GEC is a unitary variation—a dependence of the fair-weather electric field on
universal time, called the Carnegie curve, which demonstrates a steady increase of the
electric field in fair-weather regions at ~19:00 UT. It was revealed in [38,39] that the global
seismic activity also shows a unitary variation, which correlates relatively strongly with the
Carnegie curve. It is shown in [40] that statistically significant anomalous changes appear
simultaneously before major earthquakes in independent datasets of different geophysical
observables. Therefore, the authors of [37,39] noted that electromagnetic monitoring of
earthquake-prone areas is needed to identify and verify these precursory changes in future
major earthquakes. Besides this, a retrospective analysis of the solid-earth parameters in
the epicenter areas after identifying preceding geomagnetic storms is desirable.
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