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Detection of ionospheric response to earthquakes in Mexico: case study of
September 8, 2021 and September 19, 2022
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and Ernesto Aguilar-Rodriguez!

Abstract

We explore the possibility of the ionospheric disturbance detection after two earthquakes (EQ) (M,, >  Key words: co-seismic
7) occurred on September 8, 2021, and September 19, 2022, in Mexico. The epicenter location, depth,  ionospheric disturbance,
focal mechanism, season and Space Weather background conditions were similar for the two EQs.  earthquakes, slant TEC, Mexico.
The local time and the magnitude were different. Wave responses in the filtered slant TEC time series

were revealed after both EQs at isolated satellite-receiver ray paths. The irregular variations exceeded

the background fluctuation level and were not repeated on other days. Their form and temporal scales

allowed us to associate them with the acoustic-gravity waves generated by the vertical displacement

during the powerful EQs. The nighttime EQ on September 8, 2021, caused the medium-scale distur-

bances characterized with the N- and W-form fluctuations in TEC, a period of ~30 min and amplitudes

of (0.1-0.2) TECU. The response to the daytime EQ on September 19, 2022, was of two types: small-

scale disturbances N-, V-, - and M-form with a 15 min period and amplitudes of (0.1-1.1) TECU;

and medium-scale disturbances of N- and H-form with a period of ~30 min and amplitudes of (0.1-0.2)

TECU. The presented conclusions for the Mexican region are preliminary as more statistics are needed.

Resumen

Exploramos la posibilidad de detectar perturbaciones ionosféricas después de dos terremotos (EQ) (M,,  Palabras clave: perturbaciones
> 7) registrados el 8 de septiembre de 2021 y el 19 de septiembre de 2022 en México. La ubicacion del ~ ionosféricas co-sismicas,
epicentro, la profundidad, el mecanismo focal, la estacion del afio y las condiciones de fondo del Clima  terremotos, TEC oblicuo, México.
Espacial fueron similares para los dos EQ. La hora local y la magnitud fueron diferentes. Se observaron

respuestas, en forma de ondas, en la serie temporal de TEC inclinado filtrado, después de ambos EQ,

en trayectorias de rayos aislados entre satélites y receptores. Las variaciones irregulares superaron el

nivel de fluctuacion de fondo y no se repitieron en otros dias. Su forma y escalas temporales permitieron

asociarlas con las ondas acusticas-gravitacionales generadas por el desplazamiento vertical durante los

poderosos EQ. El EQ nocturno del 8 de septiembre causd perturbaciones a escala media, caracterizadas

por fluctuaciones de forma N y U en TEC, con un periodo de ~30 min y amplitudes de (0.1-0.2) TECU.

La respuesta al EQ diurno del 19 de septiembre fue de dos tipos: perturbaciones a escala pequefia de

forma N y U, con un periodo de ~15 min y amplitudes de (0.1-1.1) TECU; y perturbaciones a escala

media de forma N, V, 1 y M, con un periodo de ~30 min y amplitudes de (0.1-0.2) TECU. Las conclu-

siones presentadas para la regiéon mexicana son preliminares, ya que se necesitan mas datos estadisticos.
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1. Introduction

The ionospheric response to seismic events has been a subject
of the scientific interest over the recent decades. Several authors
have addressed the ionospheric disturbances related to earth-
quakes that occurred in different regions, for example (Davies
and Baker, 1965; Calais and Minster, 1995; Afraimovich et al.,
2001; Ducic et al., 2003; Heki and Ping, 2005; Afraimovich et
al., 2006; Lognonné et el., 2006; Liu ez al., 2010; Astafyeva et al.,
2009; Jin et al., 2015; Kong et al., 2018; Oikonomou et al., 2020;
Melgarejo-Morales et al., 2023; Bravo et al., 2022) and many
others. Ionospheric disturbances that occur after earthquakes are
commonly referred to as Co-seismic lonospheric Disturbances
(CIDs). These disturbances are primarily attributed to the release
of energy during earthquakes, a process capable of generating
atmospheric waves that propagate upwards into the ionosphere.

The ionosphere is known to respond to changes in Space
Weather conditions, explosions of different type, tropical cy-
clones, hurricanes and others, for example (Afraimovich et al.,
2013; Perevalova et al., 2015; Perevalova and Ishin, 2011). The
difficulty for CID studies is that the signatures of ionospheric
disturbances caused by an earthquake can be similar to those
caused by some other natural phenomena. This fact underscores
the complexity of this research domain. The mechanisms trig-
gering CIDs comprise direct acoustic waves caused by vertical
crustal movements or sea surface interactions, Rayleigh surface
waves, and internal gravity waves. As these atmospheric waves
ascend to the F region of the ionosphere, they can induce irreg-
ularities in the electron concentration. The latter can be detected
as Travelling Ionospheric disturbances (TIDs). For more details
on the physical mechanisms of the described processes, the
reader is referred to comprehensive reviews (Astafyeva, 2019;
Afraimovich ef al., 2013; Hocke and Schlegel, 1996).

There are gaps in our understanding on the particular fea-
tures of CIDs in different regions, their spatiotemporal scales,
movement speeds, and even their occurrence or non-occurrence
in different latitudinal and longitudinal sectors. The ionospheric
response to seismic events depends on the earthquake magnitude
(M,,) and regional geophysical conditions. Literature suggests
that earthquakes with magnitudes exceeding M,, > 6.5 are more
likely to trigger ionospheric responses, e.g. (Perevalova et al.,
2014 and references therein).

The aim of this work was to search for the ionospheric re-
sponse to two particular earthquake (EQ) events that occurred
in the low-latitude North-American region (south of Mexico)
using Global Navigation Satellite System (GNSS) data. The tasks
were to characterize the ionospheric responses if detected and
compare them for the two chosen events. This paper is organized
as follows. Section 2 introduces the data and method used for the
study. Section 3 provides a description of the considered EQs.

Section 4 describes the background conditions in the ionosphere.
Section 5 presents the results of the ionospheric disturbances
detection. Final remarks are given in Conclusions.

2. Data and method used

GNSS receiver data was obtained from two receiver net-
works: the “Transboundary, Land and Atmosphere Long-term
Observational and Collaborative network (TLALOCNet)” at
Servicio de Geodesia Satelital (Cabral-Cano et al., 2018) and the
“Servicio Sismolégico Nacional” (Pérez-Campos et al., 2018),
both hosted at the Instituto de Geofisica, Universidad Nacional
Auténoma de México. The location of the stations whose data
was used in the present study is illustrated in Figure 1. It should
be noted that the dataset used in this work is not extensive, pri-
marily due to the uneven station distribution across the Mexican
region. Nevertheless, the following analysis showed that these
data allowed us to make at least rough assessments of the CIDs
in the chosen region.

The “classical” approach for detecting the ionospheric
response to EQ is to study slant Total Electron Content (TEC)
variations along the Lines-of-Sight (LoSs) between GNSS
satellites and receivers whose configuration corresponds to the
area of interest. Usually, TEC time series are subjected to some
filtering procedure designed to detect the specific form of TEC
times series. Previous studies demonstrated that the compres-
sion-rarefaction N-wave, the inverse N-form (M) and wave-packet
patterns can be detected in TEC variations associated with EQ
(Liu et al., 2010; Afraimovich et al., 2013; Sripathi et al., 2020;
Shi et al., 2020; Zhang et al., 2021; Astafyeva, 2019; Rolland
etal.,2013).

Data of dual-frequency phase GNSS measurements was
used to calculate TEC values along the different LoSs. Using
the method described in (Yasukevich et al., 2020), the obtained
TEC time series were detrended with splines and filtered with the
centered moving average. Two specific combinations of window
sizes were chosen for this purpose, consisting of 2 and 10 min-
utes, as well as 10 and 20 minutes. The filtered TEC variations
were then converted into equivalent vertical variations, denoted
as (2-10)dI and (10-20)dI, correspondingly. The purpose was to
have variation with periods in these ranges, as they correspond
to different spatiotemporal scales of ionospheric disturbances.

A similar approach was successfully applied in the Mexican
region for detecting the ionospheric responses to the meteoroid
passage and explosion (Sergeeva et al., 2021) and to the intense
solar flares (Sergeeva et al., 2023). It should be noted that the
mechanism of transporting the energy released during EQs and
during some explosion in the lower atmosphere such as the
meteoroid explosion is basically the same. It is based on the



concept of the atmospheric waves propagating from below to
the ionospheric heights while increasing the waves’ amplitude
(Afraimovich et al., 2013).

In the present work, we analyzed the dI series during the time
interval from 30 min before the seismic event (main shock) and
3.5 hours after it. To ascertain that dI responses if detected were
not attributed to the multipath effect, the dI variations on the EQ
day were compared to the same variations on the previous day.
The fact that the same form of the dI curve is repeated from day
to day, and is slightly shifted in time, indicates the presence of
multipath effects.

3. Event description

In this work, we considered two seismic events with M,, more
than 7 which occurred in the south of Mexico. The Mexican re-
gion is exposed to different natural hazards, such as hurricanes,
volcanoes, earthquakes, tsunamis, etc. (Cabral-Cano et al., 2018;
Gonzalez-Esparza et al 2018; Sergeeva et al., 2021). Sometimes,
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they even occur simultaneously representing a significant danger
(Gonzalez-Esparza et al 2018). Mexico is located in an area of
interaction of five tectonic plates: North American plate, Cocos
plate, Pacific plate, Rivera plate and the Caribbean plate, which
is the reason of high seismicity in the region (Figure 2). The
seismic activity is frequent in the south of the country. This
study is focused on two particular events that occurred in Sep-
tember 2021 and September 2022. Both EQ were the result of
the interaction between the Cocos and North American plates.

The National Seismological Service reported the EQ of M,,
7.1 that occurred 11 km southwest of Acapulco, in the state
of Guerrero on September 8", 2021 at 01:47 UT (September
7%, 2021 at 20:47 central Mexican time) (SSN, 2021). Figure
2 shows its epicenter location. This EQ is associated with the
plate boundary, where the oceanic Cocos plate subducts under
the continental North American plate. The EQ rupture length
reaches 30 km (United States Geological Servey (USGS), https://
earthquake.usgs.gov/earthquakes/eventpage/us7000f93v/

executive) and has a propagation directivity towards northeast
(Iglesias et al., 2022).
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Figure 1. GNSS stations in the Mexican region.
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Figure 2. Tectonic plates in the region with EQ epicenter locations. Yellow stars mark the epicenter of the September 8, 2021, Mw7.1 and
the September 19, 2022, Mw 7.7 seismic events. Tectonic plate names: NA — North American, PA — Pacific, RI — Rivera, CO — Cocos, CA

— Caribbean.

The M,, 7.7 earthquake occurred on September 19, 2022,
at 18:05 (at 13:05 central Mexican time) near Coalcomén, in
the state of Michoacan (Figure 2) (SSN, 2022). This EQ took
place at the Cocos-North American plate interface. The rupture
propagated towards northwest (Singh et al., 2023). Table 1 shows
the parameters of the two events. The reader is referred to the
works (Iglesias et al., 2022, Liu et al., 2023; Ramirez-Rojas et
al., 2023, Singh et al., 2023) for a more detailed description of
the events.

Daytime and nighttime ionosphere is characterized by
different values of electron density, temperature, physical
processes, etc. (Davies and Baker, 1965; Kelly, 2009; Cander,
2019). In this work, we search for the ionospheric response to
one EQ that occurred at local evening hours (almost night) and
another that occurred after the midday (daytime conditions).
The seasonal background conditions were practically the same
since both events occurred in September. At the same time, the
first EQ occurred during the low solar activity period, and the
second EQ at the ascending part of the solar cycle (see solar flux
F10.7-index in Table 1). There were no significant geomagnetic
variations or intense solar flares.

4. Background conditions

The Earth’s ionosphere is sensible to different kind of phe-
nomena (Davis, 1965; Cander, 2019). It is important to distin-
guish between the ionospheric disturbances of different origin.
During and before the days corresponding to the two considered
seismic events, Space Weather conditions were rather quiet.
No intense solar flare occurred. The geomagnetic conditions
were characterized with the Dst-index minimum values of -18
nT and -24 nT on September 8, 2021, and September 19, 2022,
respectively. These values indicate very weak perturbations, but
no geomagnetic storm that could provide ionospheric scintilla-
tions occurred.

The two main sources of gravity waves are the passage of
solar terminator and solar eclipse (Lastovic¢ka, 2006). Therefore,
another background factor to consider is the solar terminator
passage which can be a source of the ionospheric wave-like ir-
regularities (Somsikov, 2011). Figure 3 illustrates the conditions
during the two considered days. The first event occurred near
the time of terminator passage. In the second case, the event
occurred at daytime.



Table 1. EQ parameters.
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Event Epicenter (lat, M, LT Duration  Dept, km  Surface Rupture  Fault me- Geomag  F10.7-in-
lon), © of rupture rupture  directivity  chanism netic dex, s.f.u.
(MRF)*, s length, storm
km and/or
solar flare
8- Sep-2021 16.7553N, 7.1 20:47 12.5 15 30 NE Thrust None 101.9
99.9533W
19-Sep- 18.2377N, 7.7 13:05 80 12.1 80 NW Thrust None 129.1
2022 103.269W

*MRF — Moment Rate Function.

Ve WSO

Figure 3. Terminator conditions at the moments of EQ: September 8, 2021 (left) and September 19, 2022 (right). EQ epicenters are marked
with light blue points. Yellow, rose, red and violet lines stand for the terminator positions at 100, 150, 200 and 300 km above the Earth's
surface. The position of the Sun at its zenith is marked by the red circle.

4. Results and discussion
4.1. September 8, 2021

The EQ of September 8, 2021, was an evening event. There-
fore, it was possible that the solar terminator motion generated
acoustic-gravity waves that in turn could cause the ionospheric
disturbances (Somsikov, 2011; Edemskiy and Yasyukevich,
2018; Borchevkina and Karpov, 2018; Grzesiak and Swiatek,
2012; Figueiredo et al., 2018) with the signatures similar to
disturbances that potentially resulted from the EQ. The possible
effects of solar terminator could manifest themselves as a front
of wave-packet TEC disturbances in the ionosphere stretched
along the terminator line (Somsikov, 2011) before or after the
terminator’s movement at the ionospheric heights (Borchevkina
& Karpov, 2018). No such effects were detected on September
8™ over Mexico. Probably, the terminator did not provoke effects,

or the front of the disturbance passed over the center of Mexico
before the considered time interval.

The form of the compression-rarefaction wave (N-form)
related to shockwaves is characteristic for the dI response to a
powerful earthquake (Astafyeva, 2019; Gautam et al., 2018; He
& Heki, 2017; Afraimovich, 2001; Afraimovich ez al., 2013).
The considered EQ occurred at 01:47 UT (20:47 LT) and was
followed by the aftershocks. The most intense were M,, 5.2 and
M,, 5.0 at 02:18 and 02:58 UT, correspondingly.

The N-form in (10-20)dI variations was detected at individual
LoSs with the approximate period of ~30 min, which correspond
to the medium-scale ionospheric irregularities triggered by at-
mospheric gravity waves (Hocke & Schlegel, 1996; Astafyeva,
2019) that in turn were caused by the surface displacement during
the EQ. In some cases, the inverse N-form (1) was observed.
The amplitude of registered disturbances depended on the LoS
configuration and varied between 0.1 and 0.2 TECU. No such
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signatures in the (10-20)dI time series were present at the same
time on other days. Therefore the detected disturbances cannot
be a result of the multipath effect. For the same reason they may
not be associated with the waves of orographic origin. Figure 4
illustrates the observed picture.

Some of disturbances were detected far from the EQ epi-
center: more than 1000 km. According to Astafyeva (2009), this
is not impossible. We estimated the “horizontal” speed of the
detected disturbances departing from the rough assumption that
they began to propagate just after the EQ. This is the common
assumption for CID studies (Liu et al., 2023; Sripathi et al.,
2020; Gautam et al., 2018; Liu et al., 2010; Astafyeva et al.,
2009; Afraimovich et al., 2006). The CIDs with very high speeds
were discarded as not probable. The rest of the disturbances
propagated with speeds close to three values: ~1200 m/s, ~540
m/s and ~260 m/s in all directions except eastward (Figure 4b).
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Furthermore, the disturbances characterized with the too low
speeds were associated with the time and coordinates of the two
aftershocks which resulted into the most of them propagating
with no direction preference and with the speed close to ~120
m/s. Figures 4b and 4c show the sub-ionospheric point positions
at which the mentioned ionospheric disturbances were revealed.

To sum up, the dI responses were registered at individual
satellite-receiver ray paths after the EQ of M,, 7.1. During dis-
turbances, the filtered TEC variations exceeded the level of the
background fluctuations and were not repeated on other days.
The amplitudes of dI fluctuations varied between 0.1 and 0.2
TECU. The first of them were detected 13 min after the main
shock. The form of the dI curve, the time and distance at which
the disturbances were detected allow us to relate them to the
effects of gravity waves generated by the EQ and, possibly, its
two aftershocks.
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Figure 4. (a) (10-20)dI time series at individual LoSs on September 8, 2021. The receiver-satellite pairs are indicated at the Y-axis. Y-axis
unit is 0.2 TECU. X-axis unit is 30 min. The dotted vertical lines mark the moments of EQ and its two aftershocks. Colored curves stand for
the EQ day variations and gray curves for the same variations on the previous day. (b) Position of sub-ionospheric points for disturbances
associated with the main shock and (c) with aftershocks. Magenta points in panel “c” stand for the possible CIDs after the first aftershock
and grey points after the second aftershock. Yellow star marks EQ epicenter, claret star marks aftershock epicenters.



4.2. September 19, 2022

The analysis of dI variations after the EQ of September 19,
2022, allowed us revealing two types of ionospheric irregularities
that may be related to the acoustic-gravity waves originated from
the EQ. Figure 5a illustrates the N-form disturbances detected
in (2-10)dI variations. Their amplitudes exceeded the level of
the background variations and varied in a wide range of (0.1-
1.1 TECU) depending on the LoS. No such variations were
observed on other days. At some LoSs, the N-form was inversed
(M) or transformed into V- or M-form. The period of detected
disturbances was about 15 min. The applied centered moving

(2-10)dI variations for 19 sep 2022
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average window size and the period imply that these were the
small-scale disturbances.

Figure 5b shows positions of sub-ionospheric points for the
chosen LoSs after the main shock. The “horizontal” speeds of
most of disturbances were close to the value of ~323 m/s. The
faster disturbances with speeds close to ~650 and ~880 m/s
were registered as well. The distribution of disturbances was
mostly southward and northward from the epicenter. Some of
disturbances from Figure 5a may be related to the aftershock
M,, 5.3 that occurred at 19:30 UT. These propagated northward
and eastward from the aftershock epicenter with speeds close
to ~320 m/s and ~110 m/s (Figure 5c).
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Figure 5. (a) The same as in Figure 4, but for (2-10)dIv series at the individual LoSs on September 19, 2022. (b) Position of the sub-iono-
spheric points for disturbances associated with the main shock and (c) aftershock. Yellow star marks EQ epicenter and claret star marks the

aftershock epicenter.
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Moreover, the N- and U-form were also detected at some
LoSs in (10-20)dI variations. Figure 6 illustrates the picture.
These may be associated with the medium scale disturbances
related to gravity waves. Their amplitudes were ~(0.1-0.2) TECU
and the period was about 30 min. The first signatures were de-
tected ~25 min after the EQ. The estimated speeds were mostly
close to the values of ~320 m/s and ~158 m/s. The speed of ~533
m/s was also detected at two LoSs. Some individual responses
may be associated with the aftershock and be characterized with
the speed of ~230 m/s.

To sum up, the multi-scale ionospheric disturbances were
formed after the EQ M,, 7.7 and its aftershock. Perhaps, the
presence of two scales of CIDs was due to the higher electron
concentration during the daytime hours if compare to the
nighttime EQ of September 8, 2021. The higher EQ magnitude
may also play a role. The small-scale disturbances propagated
southward and northward from the epicenter. The medium-scale
disturbances propagated in different directions. In general, the
picture of disturbances was rather complex.

(10-20)dI variations for 19 sep 2022
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Figure 6. The same as in Figure 4, but for September 19, 2022.
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4.3. Possibility of tsunami-induced disturbances.

Atmospheric gravity waves can be also induced by a
tsunami (Peltier and Hines 1976; Artu et al., 2005; Jin et al.,
2019). According to the bulletins of National Mareographic
Service of Mexico, after the EQ of September 8, 2021, the
largest amplitude of 95 cm in sea level deviation from the
astronomical tide forecast was registered at the mareographic
station located ~8 km in a straight line from the epicenter:
the decrease by~60 cm followed by the increase by ~35 cm.
Other seven mareographic stations at the Pacific Ocean coast
of Mexico registered much less amplitudes (10-40 cm) [SMN,
2021]. After EQ of September 19, 2022, the maximum wave
height of ~1.7 m was registered at the coastal station located
~140 km northwestward from the epicenter, four other stations
gave 1 m, 0.90m, 0.69 m and 0.41 m amplitudes at each of them
[SMN, 2022]. In addition, according to (Zaytsev et al., 2023),
the open-ocean station of Deep-ocean Assessment and Report-
ing of Tsunamis (DART) (Rabinovich & Eblg, 2015) located
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at a distance of ~884 km from the EQ epicenter registered the
maximum wave height of 7.4 cm.

It is fair to expect that the associated ionospheric distur-
bances (if formed) would follow the tsunami front (Lognonné,
2009). In the first case (September 8, 2021), it would be some
near semi-circular front propagating away from the coast, but no
similar ionospheric disturbance propagation was registered. The
difficulty is that the signatures of ionospheric disturbances caused
by EQ and tsunami can be similar (Artu et al., 2005; Jin et al.,
2019). Five of “grey points” in Figure 4c, seem to be “aligned”
in the ocean. However, two considerations prevent us to associate
them clearly to tsunami. First, there are also the similar “grey
points” over the continent. Second, the amplitudes and the form
of TEC deviations are quite similar for all detected disturbances
and no specific type within some time-interval is distinguished.

In the second case (September 19, 2022), tsunami energy
radiation pattern in the ocean was directed like a “searchlight”
oriented normally to the mainland coast (Zaytsev et al., 2023).
Considering this specific feature, the possible ionospheric re-
sponse would have a similar propagation pattern, but no such
disturbances were registered in the filtered TEC series (Figure
5c and Figure 6c¢).

Maybe, these negative results are due to the combination
of factors that could include the insufficient sea level deviation
amplitudes (in general, not at one coastal station) or tsunami
propagation not long enough to generate sufficient upward
gravity wave and others factors. For the definitive results it is
also needed a better LoSs coverage in the region to have more
sub-ionopheric points for the analysis.

5. Conclusions

Two recent EQs of M,, > 7.0 that occurred in the south of
Mexico in 2021 and 2022 were studied. Wave responses in the
filtered slant TEC time series were revealed after both seismic
events at individual satellite-receiver ray paths. These variations
exceeded the level of background fluctuations and were not
repeated on other days. The form of the dI curve, the time and
distance at which the disturbances were detected allowed us to
relate them to the effects of acoustic and gravity waves in the
atmosphere generated by the EQs and as a possibility by their
intense aftershocks.

The ionospheric response to the EQ of M,, 7.1 on September
8, 2021 was detected as N- and U-form medium-scale distur-
bances with the period of ~30min. Their amplitudes varied
between 0.1 and 0.2 TECU. Our results show that CIDs triggered
by the EQ propagated at different speeds close to the values
of ~1200m/s, ~540 m/s and ~260 m/s in all directions except
eastward. Those that may be associated with the two intense
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aftershocks propagated with the speeds close to ~120 m/s.

The ionospheric response of two types were revealed after the
EQ of M,, 7.7 on September 19, 2022. First, there were detected
the N-, U-, V- and M-form small-scale disturbances characterized
with a ~15 min period and amplitudes within (0.1-1.1) TECU.
Furthermore, there were detected the N- and M-form medium
scale disturbances with the period of ~30 min and amplitudes
between 0.1 and 0.2 TECU. Their speeds were mostly close to
the values of ~320 m/s and ~158 m/s. Some individual responses
with the speed of ~230 m/s may be associated with the aftershock.

For both considered events no clear indication of the iono-
spheric response to tsunami was found. For the definitive results
a better LoSs coverage in the region is needed.

To conclude, the epicenter location, depth, focal mechanism,
season, and Space Weather background conditions were rather
similar for both events. The difference in the responses may be
attributed to a combination of factors such as local time and
EQ magnitude. This is the preliminary conclusion made for the
Mexican region as more statistics is needed.
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