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Abstract
Earthquakes are a major danger in a constantly growing society due to their imminent impact and power of destruction. 
Therefore, the idea of successfully forecasting an earthquake continues to motivate the multidisciplinary study of phenomena 
proposed as possible earthquake precursors such as ionospheric anomalies. In that sense, total electron content (TEC) has 
demonstrated to be an efficient parameter for investigating the state of the ionosphere by making use of the Global Positioning 
System receivers. In the present study, raw vertical TEC data obtained from the standard RINEX files of the GPS constella-
tion are used to examine the state of the ionosphere during the occurrence of light to moderate earthquakes in Mexico from 
years 2008 to 2015 with the aim of search for possible ionospheric anomalies related to seismic activity. In order to evaluate 
the impact at the geomagnetic and ionospheric environments, the Geomagnetic Equatorial Dst index, which is considered 
to have a great influence on TEC during geomagnetic storm period, and solar activity parameters, have been considered. 
The results indicated that 17 (74%) of the studied events presented not quiet geomagnetic conditions for the days before the 
earthquake. Thus, the changes in VTEC are most likely related to geomagnetic anomalies which rules out its possible seismic 
origin. Contrariwise, 3 (13%) of the events presented geomagnetic anomalies the days after the earthquake. For the remaining 
3 (13%) events, these presented particular characteristics, such as: not quiet geomagnetic condition for the earthquake day, 
geomagnetic anomalies throughout the period and the opposite.

Keywords GPS-TEC · Seismic precursors · Mexico · Geomagnetic index and solar conditions

Introduction

Earthquakes have their origin in the interior of the planet 
and constitute one of the most devastating natural hazards 
in human history due to their sudden impact and destruc-
tion capabilities, which may last only few seconds. In this 
study, we analyze an important region in Mexico with higher 
seismic hazard than other places. In fact, Mexico is directly 

influenced by the interactions between the North American, 
Pacific, Cocos, Caribbean and Rivera tectonic plates, making 
this region a seismic-prone one. The areas of greater seismic 
activity in Mexico are found in the states located next to the 
Pacific coast of Jalisco, Michoacan, Guerrero, Oaxaca and 
Chiapas. In these areas, large historical earthquakes have 
been reported (Bolt 2001). Nowadays, in the literature, 
earthquake forecasting remains one of the main unsolved 
tasks (Asim et al. 2017; Zakharenkova and Shagimuratov 
2009). However, the existence of certain phenomena, regis-
tered in the atmosphere and ionosphere the days before the 
impact of an earthquake, has allowed to define such anoma-
lies as a possible seismic precursor (Pulinets and Davidenko 
2014; Heki and Enomoto 2013; M. Akhoondzadeh 2012; 
Tsolis and Xenos 2010; Saroso et al. 2008). Recently, the 
GPS technology has provided a global opportunity to study 
ionospheric anomalies as seismic precursors (Zakharenkova 
and Shagimuratov 2009), motivating a great interest in the 
investigation of variations in electron density caused by 
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seismic processes in the ionosphere. For example, in the 
study conducted by Zaslavski et al. (1998), it is mentioned 
that ionospheric disturbances due to natural geophysical 
activity such as volcanic eruptions and earthquakes have 
been studied since the great Alaskan earthquake occurred in 
1964 (MW = 9.3). In their study, Zaslavski et al. (1998) docu-
mented an experimental investigation related to variations in 
the electron density during a time interval before an earth-
quake (MS = 5) through data collected directly from seismic 
areas for a period of three years. In another case study, the 
analysis of the total electron content (TEC) obtained using 
data from five GPS stations in Mexico allowed to establish 
the existence of anomalous ionospheric variations associ-
ated with the process of preparation of strong earthquakes 
(MW > 5) (Pulinets et al. 2005). Moreover, in the study car-
ried out by Heki (2011) the TEC gradually enhanced dur-
ing forty minutes before the catastrophic 2011 Tohoku 
earthquake (Mw = 9.0) which was the largest in Japan and 
the fifth largest in the world since the records started (Liu 
et al. 2020). Some other scholars (Xu et al. 2012) pointed 
out that the idea of predicting earthquakes stimulates the 
search for a possible correlation between seismic activity 
and ionospheric anomalies. In the above-mentioned inves-
tigation, ionospheric anomalies are reported two days before 
the Chongqing earthquake in China registered on September 
10, 2010 (MS = 4.7). However, there is controversy about the 
amount of energy, expressed through the earthquake magni-
tude, needed in order to affect the ionosphere. In this sense, 
He and Heki (2017) demonstrated that the background TEC 
is an important key for the successful identification of iono-
spheric anomalies before earthquakes of Mw ≥ 7. In addition, 
several physical mechanisms, such as: direct acoustic waves 
excited by vertical crustal movements (Heki et al. 2006), 
ionospheric effects of aerosols and metallic ions emitted in 
the atmosphere (Pulinets et al. 1994) and alpha decay of 
gas radon emitted from the crust (Heki 2011), to name a 
few, can change the state of the ionosphere producing the 
recording and observation of irregular behavior in this layer 
of the Earth’s atmosphere. Even factors unrelated to seismic 
activity can change the state of the ionosphere (Zaslavski 
et al. 1998). However, over the years, a series of hypotheses 
have been formulated to explain the ionospheric anomalies: 
According to Zaslavski et al. (1998), these anomalies could 
be related to a redistribution of electrical charges on the 
surface of the earth as well as in the atmospheric system. 
Moreover, the direct penetration of electromagnetic fields is 
reported by Molchanov et al. (1995) and the quasi-electro-
static field by Pierce (1976). Similarly, another hypothesis 
to explain these ionospheric disturbances is related to the 
action of the electric field, due to the stress of the rocks 
electric charges that may appear on the surface of the earth 
changing currents in the atmosphere–ionosphere system 
(Parrot et al. 2016; Pulinets et al. 2003). Even though these 

previous studies revealed some important aspects of iono-
spheric disturbances prior to the occurrence of some earth-
quakes, all details of ionospheric disturbances have not been 
observed yet (Tsugawa et al. 2011). This is a very important 
reason why is relevant to continue analyzing data from vari-
ous case studies. Additionally, it is known that solar activ-
ity plays an important role in the ionosphere behavior, so 
its consideration is a step in the right direction to discard 
anomalies caused by this issue (Akhoondzadeh 2012; Yao 
et al. 2012; Odintsov et al. 2006). This paper presents the 
estimation of the vertical total electron content (VTEC) of 
the five days before, and the next three days after earthquake 
occurrence, for 23 seismic events from light to moderate 
magnitude (Mw ≥ 5.1) registered in Oaxaca, Mexico from 
2008 to 2015. Hence, the main objective is to investigate 
the state of the ionosphere for the selected seismic events 
in order to identify ionospheric anomalies possibly asso-
ciated to seismic activity. In addition, in order to discard 
ionospheric anomalies most likely related to solar activity 
and high geomagnetic conditions relevant parameters of 
solar activity and the Dst index were considered during the 
study periods to rule out possible large-scale disturbances 
induced by them.

Materials and methods

In the present work, the region of Oaxaca (located in 
16.89°N, 96.40°W) was selected because it is cataloged as 
one of most seismic-prone areas in Mexico (Fig. 1). Further-
more, historical records indicate the occurrence of a major 
earthquake (ranging from Mw = 8.4 to 8.7) in 1787. Addi-
tionally, Oaxaca is part of the Ring of Fire in the Pacific. 

Fig. 1  Localization by magnitude of the 23 earthquakes (from 
MW ≥ 5.1 to MW = 6.0) registered in Oaxaca during 2008–2015 
according to the National Seismological Service in Mexico and the 
GPS stations used in this study
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The constant seismic activity in Oaxaca is associated to the 
process of subduction of the Cocos Plate below the North 
American Plate (Nuñez-Cornu and Ponce 1989).

Earthquake data

Specifically, earthquakes of Mw ≥ 5.1 registered during 
the period from 2008 to 2015 were selected for this study 
(Table 1). The highest earthquake registered belongs to year 
2010 (Mw = 6.0), and the rest are classified for their mag-
nitude in Table 2. The seismic events were consulted from 
the catalog available at the official website of the Mexican 
National Seismological Service (SSN) (https ://www.ssn.
unam.mx). In addition, in Fig. 1 it is possible to observe the 

distribution of earthquakes under study and the GPS sta-
tions used.

GPS satellite data

Recently, data from the Global Positioning System have 
been used to determine TEC variations in the ionosphere 
and to relate the possible occurrence of earthquakes (Cor-
nely and Hughes 2018; Sentürk and Çepni 2018; Calais 
and Minster 1995). The GPS satellites allow the broadcast 
of important information related to the state of the layers of 
atmosphere through mainly two signals using frequencies 
of L1 = 1575.42 MHz and L2 = 1227.60 MHz, respectively. 
According to Sardon et al. (1993), TEC can be described as 
the measure of the total number of free ionospheric electrons 

Table 1  Earthquakes from 
Mw ≥ 5.1 registered in Oaxaca 
from January 2008 to December 
2015 according to the National 
Seismological Service in 
Mexico

The day/month/year and time are the exact time of the earthquake, latitude and longitude the geographical 
coordinates of the epicenter. Denoted with * the events considered as aftershocks in this study

Event Day Month Year Time (UTC) Depth (km) Mag-
nitude 
(SSN)

Latitude N
(degrees)

Longitude W
(degrees)

1 12 2 2008 12:50:18 96 5.3 16.19  − 94.54
2 30 7 2008 10:23:33 49 5.1 15.97  − 96.10
3 9 2 2010 00:47:40 40 5.8 15.89  − 96.86
4 16 4 2010 10:01:06 4 5.1 16.15  − 98.42
5 25 6 2010 17:08:58 10 5.1 15.42  − 96.46
6 30 6 2010 07:22:27 4 6 16.24  − 97.99
7 9 7 2011 12:42:29 27 5.3 15.87  − 96.41
8 13 8 2011 07:33:07 18 5.6 14.42  − 94.9
9 18 2 2012 01:34:19 16.1 5.3 15.26  − 95.66
* 18 2 2012 01:37:58 16.3 5.1 15.22  − 95.65
10 20 3 2012 18:35:38 12.6 5.3 16.18  − 98.53
* 20 3 2012 19:02:38 3.5 5.2 15.90  − 98.71
* 20 3 2012 19:19:52 7 5.1 15.91  − 98.48
11 13 4 2012 10:10:03 5 5.2 16.14  − 98.35
12 22 9 2012 12:29:57 4.6 5.4 16.25  − 98.28
13 29 9 2012 07:11:10 16.9 5.5 15.88  − 98.66
14 18 12 2012 01:38:23 42.5 5.3 16.02  − 95.72
15 26 3 2013 13:04:47 5.3 5.5 15.86  − 98.43
16 10 3 2014 00:37:57 4.8 5.8 15.83  − 98.47
17 21 5 2014 10:06:15 120.3 5.8 17.12  − 95.07
18 24 5 2014 08:24:46 4.5 5.7 16.20  − 98.40
19 11 8 2014 01:09:40 8.5 5.2 16.23  − 98.19
20 13 8 2014 06:48:10 15 5.4 16.17  − 98.28
21 11 10 2014 16:46:02 10 5.6 16.02  − 95.65
22 28 4 2015 18:56:54 112.9 5.6 17.02  − 95.18
23 28 6 2015 15:54:41 88.2 5.6 16.51  − 94.89

Table 2  Classification of 
earthquakes according to its 
magnitude

Magnitude (Mw) 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 6 Total

Events 3 2 5 2 2 4 1 3 1 23
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contained along the line of sight between the altitude of the 
GPS satellite and its ground receiver, being measured in units 
of TEC (uTEC) where 1 uTEC is equivalent to 1016e∕m2 . 
Therefore, a GPS network can be used to calculate TEC in the 
ionosphere (Tao et al. 2017).

The National Institute of Statistic and Geography (known 
as INEGI) in Mexico has an Active National Geodetic Net-
work composed of a set of stations for continuous monitor-
ing of GPS data. Furthermore, the University Navstar Con-
sortium (UNAVCO) in the USA facilitates the acquisition 
of GPS data for several areas in Mexico. It is documented 
that ionospheric parameters can vary not only due to seismic 
activity, but moreover because of geospatial solar conditions 
and geomagnetic storms which makes difficult to separate the 
pre-seismic ionospheric phenomena from other disturbances 
(Akhoondzadeh 2013). Thus, pre-seismic anomalies can be 
hidden in the periods of high magnetic activity (Akhoondza-
deh and Saradjian 2011). Therefore, in order to distinguish 
disturbances due to geomagnetic activity, a measure of ring 
current named as the Disturbance Storm Time (Dst) index was 
consulted from NASA’s Space Physics Data Facility (SPDF) 
website (https ://omniw eb.gsfc.nasa.gov/). The GPS stations 
selected for this research study are summarized in Table 3 and 
are visible in Fig. 1

The OXPE (Puerto Escondido, Oaxaca) and OXTH 
(Tehuantepec, Oaxaca) GPS stations belong to TLALOC-
Net geodetic network that is part of UNAVCO. The OAX2 
(Oaxaca, Mexico) GPS station is operated and maintained by 
INEGI. Additionally, data with a 30 s sampling rate for the 
three GPS stations were downloaded. The dual frequency of 
the GPS system allows to measure the phase difference of two 
signals, usually denoted as L1 and L2, of different frequency 
in each satellite. This fact is equivalent to the TEC calcula-
tion procedure described by Hofmann-Wellenhof et al. (2008). 
However, a software tool called “RINEX_HO” distributed by 
NOAA and developed by Marques et al. (2011) was used to 
calculate TEC as given by Eq. (1):

where fLi(i = 1, 2) is the frequency of the GPS; DCBr and 
DCBs are the receiver and satellite differential code bias; c 

(1)

TEC =
f 2

L1
f 2

L2

40.3
(

f 2

L1
− f 2

L2

)

[

PRL1 − PRL2 − c
(

DCBr + DCBs

)

+ �L1L2

]

represent the speed of light in vacuum; and �L1L2 represents 
the non-modeled residual effects. This tool requires mainly, 
as input a RINEX observation file and uses the pseudorange 
(

PRLi

)

 measurements smoothed by the phase. Specifically, 
the algorithm to smoothed pseudorange was implemented 
following the equation described by Teunissen (1991) and 
Jin (1996), specific information can be found in Marques 
et al. (2011).

In addition, the geomagnetic index Dst was consulted. 
This index allows obtaining information about possible 
magnetic storms since it records the variation of the cur-
rent of the equatorial ring of the planet (Mayaud 1980). 
Also, to better understand the impact of geomagnetic 
activity on VTEC values, the linear regression between the 
index Dst and VTEC was applied per hour for the period 
of days in study (Fig. 11). The period of years under study 
(2008–2015) was established considering the solar mini-
mum and solar maximum (2015) (Atıcı et al. 2019) of the 
solar cycle 24. In order to evaluate the solar conditions of 
the seismic events, the monthly averaged values from sev-
eral physical parameters of solar activity were consulted 
(Fig. 4). The longest available and the most analyzed index 
of solar activity is the sunspot number time series. Thus, 
the relative sunspot numbers from the World Data Center 
SILSO, Royal Observatory of Belgium, Brussels were con-
sulted (https ://sidc.be/silso /). In addition, the 10.7 cm radio 
flux (F10.7 cm) which is also one of the most widely used 
indices of solar activity was consulted (https ://www.space 
weath er.gc.ca/). Moreover, the large (X-ray class > M1) and 
very large (X-ray class > X1) flares were consulted from the 
catalogue available at https ://www.wdcb.ru/stp/data/. Also, 
the Flare Index (FI) data from 2008 to 2014 available on the 
website National Geophysical Data Center-NOAA (https 
://www.ngdc.noaa.gov/stp/space -weath er/solar -data/solar 
-featu res/solar -flare s/index /flare -index /) and calculated by 
T. Atac and A. Ozguc from Bogazici University Kandilli 
Observatory, Istanbul, Turkey was consulted. Moreover, 
seismic activity of magnitude ≥ 5.1 registered in Oaxaca, 
Mexico was consulted through the web catalog of the 
Mexican National Seismological Service (https ://www2.
ssn.unam.mx:8080/catal ogo/). A total of 26 seismic events 
were registered by the National Seismological Service for 
the period 2008 to 2015. However, three of these events 
were considered as aftershocks. Thus, at the end, 23 events 
in total were analyzed. Having in consideration the seismic 
events listed in Table 1, where it can be noted that the year 
with more seismic activity was 2012 followed by year 2014, 
while the less active year was 2008. Regarding the year 
2009, there was not seismic activity (Mw ≥ 5.1) registered 
by the National Seismological Service. In the year 2013, 
there was only one seismic event registered in Oaxaca with 
the established range of magnitude. Finally, Fig. 2 presents 
the summarized methodology used in this study.

Table 3  INEGI and UNAVCO GPS stations used in this study

GPS station Latitude N 
(degrees)

Longitude W 
(degrees)

Ellipsoi-
dal height 
(meters)

OAX2 17.07  − 96.71 1607.26
OXPE 15.88  − 97.07 75.87
OXTH 16.28  − 95.24 41.26
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Results and discussion

As mentioned before, solar activity is the main source of 
ionization in the ionosphere. Thus, the consideration of 
monthly data of a variety of solar activity parameters for 
the study period of the earthquakes in order to discard large-
scale transient ionospheric disturbances possibly induced by 
solar activity is important. Based on Akhoondzadeh (2019), 
a quiet condition of the F10.7 cm index occurs when it does 
not exceed the 120 s.f.u. (< 120 s.f.u). Thereby, the evalu-
ation of solar activity for the seismic events studied was 
mainly according to the values obtained for F10.7 cm index 
(Table 5). Also, in order to better distinguish high geomag-
netic activity through Dst index, the range for calm geomag-
netic condition (> − 20 nT) established by Akhoondzadeh 
and Saradjian (2011) was taken into consideration. Finally, 
in order to evaluate the amount of vertical TEC obtained for 
each of the events under the study the selection of specific 
VTEC references was made. This VTEC references were 

calculated through the selection of three days with quiet geo-
magnetic conditions per month of each season by event in 
order to obtain its average (Fig. 3 and Table 4).

From Table 4, it is possible to observe the seasonal cycle 
distribution for each seismic event under study and it can be 
summarized as follows: For Fall and Winter only 4 events of 
the 23 were registered, 7 events occurred during Spring and 
the seasonal cycle with highest seismic event was Summer 
with 8. In addition, 15 (65%) of the seismic events occurred 
during nighttime diurnal conditions.

Event 1 surpasses its defined reference mean VTEC 
value of 5.81 uTEC for days − 2, − 1 and the EQ day (Figs. 3 
and  5). However, for these specific days geomagnetic activ-
ity was < − 20 nT (Fig. 6). Thus, the increments in VTEC 
for Event 1 (Table 5) are likely to be related with geomag-
netic activity instead of seismic activity. For the case of solar 
activity, it remains low for the month of the event (Fig. 4). 
For the Event 2, the mean VTEC does not exceed 6 uTEC 
(below its defined reference value of 5.17 uTEC [Fig. 5)]. 

Fig. 2  Flowchart of methodology used in this study
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However, it is possible to observe that days − 2, − 1 and 
the EQ day present higher values than the reference and in 
regard to geomagnetic activity only one peak of approxi-
mately − 35 nT was registered the EQ day (Fig. 6). Moreo-
ver, and a continuous increase in VTEC can be observed as 
summarized in Table 5 and solar activity remains low. For 
the case of Event 3 (Table 1), geomagnetic activity is present 
for − 5 days before and the earthquake day (Table 5) but this 
did not exceed the − 30 nT. In specific, two hourly Dst index 

values exceeding − 20 nT were registered − 5 days before the 
earthquake (− 24 and − 21 nT, respectively) and three peaks 
on the earthquake day (− 22, − 22 and − 21 nT, respectively) 
(Fig. 7). Thus, Event 3 barely presents significant geomag-
netic activity. The VTEC of Event 3 remains very variant, 
and its mean value per day (Fig. 5) surpasses its defined 
VTEC reference of 5.77 uTEC (Fig. 3). The solar activity 
of Event 3 is greater than the one registered for Event 1 and 
2 but it does not exceed the low threshold (Fig. 4). Fur-
thermore, Event 4 present geomagnetic activity that exceeds 
the − 20 nT for all the period before the earthquake (− 5 
to − 1 days) (Fig. 6), the mean VTEC of this event is higher 
than the mean reference VTEC of 11.31 uTEC (Fig. 5). In 
addition, the mean VTEC of day − 4 (the highest) is likely to 
be related with the peak in geomagnetic activity for the same 
day (Table 5). In relation to solar activity, for the month of 
this event it remains low. For Event 5, a continuous increase 
in VTEC mean for days − 2 to 1 day after the earthquake can 
be observed (Fig. 5) and their values are higher than its mean 
reference VTEC of 7.35 uTEC. With the exception of the 
day after the earthquake, no geomagnetic activity exceeding 
the − 20 nT was recorded (Fig. 8) and similarly to Event 4 
the highest mean VTEC value is likely to be related with a 
peak in Dst index for such day. In relation to solar activity, 
for the month of the event it continues low (Fig. 4). On the 
other hand, in Event 6 it is possible to observe a continues 
increase in VTEC for days − 5 to − 2 before the earthquake 
(Table 5). In addition, the mean VTEC value of the EQ day 
exceeds its reference VTEC value (7.35 uTEC), being the 
highest record of the period. Moreover, this event is the only 
of the 23 events under study that clearly presents this behav-
ior the earthquake day (Fig. 5). In relation to its geomagnetic 
activity, this not overpass the − 35 nT. In fact, the maximum 
record was − 31 nT for day − 4 before the earthquake (Fig. 8). 
Thus, the geomagnetic activity was not necessarily intense. 
Besides, taking in consideration the two highest records 
of Dst index (− 4 and EQ day, − 31 and − 27, respectively) 
the earthquake day presents higher values of mean VTEC 

Fig. 3  VTEC average of three days per month with quiet geomagnetic 
conditions (Dst index  ≥  − 20  nT) taking into account the seasonal 
variation of the seismic events under study. With black outline arrow, 

the month of the events is studied. Separated by black vertical lines, 
the years under study

Table 4  Diurnal and seasonal behavior under Solar Cycle 24 of the 
seismic events considered in this study

Event Diurnal cycle Seasonal cycle

1 Daytime Winter
2 Nighttime Summer
3 Nighttime Winter
4 Nighttime Spring
5 Daytime Summer
6 Nighttime Summer
7 Daytime Summer
8 Nighttime Summer
9 Nighttime Winter
10 Nighttime Spring
11 Daytime Spring
12 Nighttime Fall
13 Daytime Fall
14 Nighttime Fall
15 Nighttime Spring
16 Nighttime Winter
17 Nighttime Spring
18 Nighttime Spring
19 Nighttime Summer
20 Nighttime Summer
21 Daytime Fall
22 Daytime Spring
23 Daytime Summer

Author's personal copy
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despite its minor geomagnetic activity and the highest incre-
ment in VTEC (+ 2.93 uTEC) compared to the previous day. 
Since Event 6 occurred the same month that of Event 5, its 

solar condition continues being low (Fig. 4). For Event 7, it 
is possible to observe high geomagnetic activity throughout 
the period of time under study, having a negative impact on 

Fig. 4  Time series of solar 
activity indices for the period 
under study—monthly average 
values of Sunspot number 
(referred in figure as SSN), 
F10.7 cm, Flare Index (FI) and 
the number of flares of M1-X7 
classes. With black outline 
arrow, the month of the events 
is studied

Fig. 5  Mean per day of VTEC of the events under study. The event is marked with E and is follow by its number

Author's personal copy
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the ionosphere (Fig. 6). Taking into account its reference 
VTEC value (12.34 uTEC), it is possible to observe that two 
of the three highest mean values match with the peaks in 
Dst index for days − 5 and − 4 before the earthquake (Figs. 5 
and 8). Also, this event represents the one with the highest 

correlation (R2 = 0.11) between Dst and VTEC (Table 5). 
In terms of solar activity, for the month of Event 7 it is 
moderate and strongest than in previous events for param-
eters 10.7 cm solar radio flux, Solar Flare Index and Sunspot 
number. In addition, in year 2011 it is possible to appreciate 

Fig. 6  Dst index for Events 1 
to 10. Black horizontal dotted 
line as a reference to distinguish 
high geomagnetic activity

Fig. 7  Dst index for Events 11 
to 23. Black horizontal dotted 
line as a reference to distinguish 
high geomagnetic activity
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the increase in solar activity on cycle 24 (Fig. 4). Moreover, 
Event 8 presents a three- day continuous decrement in VTEC 
(Table 5). However, most of period under study is affected 
by geomagnetic activity with the exception of the EQ day 
and the day after it. Its mean VTEC value per day is similar 
to its reference VTEC value of 14.38 uTEC (Figs. 3 and 5), 
and its solar activity is moderate.   

Event 9 presents a continuous increase in VTEC (Table 5) 
with a mean VTEC value per day that surpasses the refer-
ence VTEC (14.21 uTEC) for most of the period (Fig. 9). 
However, and similarly, geomagnetic activity of <  − 20 nT 
is presented for most of the period (Fig. 6). For Event 10, a 
continuous decrease in VTEC can be observed for days − 5 
to − 2 before the earthquake and likewise high geomag-
netic activity is observed for most of the period. In relation 
to its mean VTEC and to its reference, it was not possi-
ble to obtain days without Dst <  − 20 nT for the season of 
such event; thus, references of Events 9 and 11 were taken 
into consideration (14.21 and 11.64 uTEC, respectively). 
Thereby, its mean VTEC values exceed the reference VTEC 
(Fig. 3). Although solar activity for Events 9 and 10 remain 
moderate, the differences in its VTEC values may be due 
the higher values for solar parameters: Solar Flares, Solar 

Flare Index and Sunspot number of Event 10 in compari-
son with Event 9 (Fig. 9). Additionally, Event 11 presents a 
constant increment in VTEC from day − 5 to − 3 before the 
earthquake without presenting high geomagnetic activity for 
these days (Table 5). For this event, there is an abnormality 
related with a suddenly drop of Dst index the day before the 
earthquake and the earthquake day. Also, its mean VTEC 
values exceed the reference (11.64 uTEC) for almost two 
times. Having in consideration the days without geomagnetic 
activity, the increase in its mean VTEC could be associ-
ated to the impact of the solar activity for the month of this 
event, which remains moderate but with more impact on 
VTEC in comparison with Event 9. Furthermore, in Event 
12, increments and decrements of VTEC become notorious. 
Specifically, − 5 and − 4 days before the earthquake where 
an increase of 20 uTEC was registered (Table 5). Also, an 
increment of 12.70 uTEC was recorded − 1 day before the 
earthquake, and during the earthquake occurrence day a dec-
rement of 24.97 uTEC was registered. With reference to its 
geomagnetic activity, it was below the − 20 nT for days − 3 
and − 2 (Fig. 7). Moreover, its mean VTEC values are mostly 
below their reference of 26.66 uTEC (Fig. 5) Likewise, 
losses and gains of VTEC in Event 13 become evident and 

Fig. 8  In left side the VTEC for the 5 days before, the earthquake day 
(designated as EQ) and 3 days after. In vertical line the EQ time. In 
right side the maximum (triangle) and minimum (square) values per 

day of Dst index for the same period. The event is denoted by E# fol-
lowed by its number and in concordance from left to right in color
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significant. For instance, from − 3 to − 2 days before the 
earthquake, there was an increment of 16.78 uTEC. Then, 
from − 2 to − 1 days a decrement of 20.32 uTEC occurred. 
Afterwards, an of increment 16.95 uTEC the day of the 
earthquake was registered (Table 5), all without geomag-
netic activity out of quiet range (< − 20 nT). In relation to 
its VTEC values, Event 13 presents high VTEC values and 
its mean is higher than the reference VTEC (26.66 uTEC). 
However, both events present high solar activity (Fig. 4) and 
for the days after earthquake of Event 13 an intense geomag-
netic storm (~ − 120 nT) was registered, having an impact 
on its VTEC values. In other case, geomagnetic condition of 
Event 14 behaved as follows: For the three days before the 
earthquake, a quiet geomagnetic condition remained. Con-
trary, the days − 2, − 1, EQ and 3 days after the earthquake 
the geomagnetic condition was below the − 20 nT (Fig. 7). 
However, this does not exceed the − 35 nT. For this event, the 
solar activity was moderated (Fig. 4). In relation to its mean 
VTEC values, these are mostly above the value of reference 
(7.39 uTEC) but in comparison with the ones obtained for 
Event 12 (with high solar activity) the difference is notice-
able. For the case of Event 15, an uninterrupted increase 

in VTEC can be seen from − 5 to − 3 days before the earth-
quake (Table 5). However, this event presented geomagnetic 
activity out of the calm range for most of the study period 
(Fig. 7), and in relation to the solar activity of the month of 
the earthquake, this was moderate. Considering its value of 
reference (21.80 uTEC), its mean VTEC values are similar 
to it and the continuous decrease of days − 3 to EQ day is 
likely to be related with the geomagnetic condition for such 
days (Fig. 5). Although Event 16 presents high VTEC val-
ues without important geomagnetic conditions (Fig. 9), it 
is possible to observe high solar activity for the month of 
the earthquake (Fig. 4). Thus, the increase in VTEC could 
be related to solar activity. Besides the solar condition, a 
four- day continuous decrements in VTEC are registered 
from − 5 to − 2 days before the earthquake and it is pos-
sible to observe two increments: the day before the earth-
quake (+ 3.99 uTEC) and the earthquake day (+ 9.82 uTEC) 
(Table 5). In addition, the mean VTEC values per day are 
high in comparison with the reference VTEC (21.61 uTEC) 
and its uniform behavior is likely to be due the absence of 
geomagnetic storms (quiet condition) (Fig. 5). 

Fig. 9  In left side the VTEC for the 5 days before, the earthquake day 
(designated as EQ) and 3 days after. In vertical line the EQ time. In 
right side the maximum (triangle) and minimum (square) values per 

day of Dst index for the same period. The event is denoted by E# fol-
lowed by its number and in concordance from left to right in color
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Furthermore, Event 17 presented an uninterrupted 
VTEC decrease from − 5 to − 2 days before the earthquake 
same as the decrements present in Event 10. Despite its 
similar behavior, the difference lies in the geomagnetic 
activity and in its magnitude, Event 17 does not present 
high geomagnetic activity for the days before the earth-
quake and Event 10 does (Fig. 10). Thus, the variations 
and high VTEC values present in this event are likely to 
not be related with geomagnetic activity. In addition, the 
mean VTEC values per day are mostly above the reference 
mean VTEC value of 25.15 uTEC (Fig. 5). However, solar 
activity for the month in interest was high (Fig. 4). For 
Event 18, it is possible to observe similarities with Event 
17, mainly because they are in continuous dates (Table 1). 
However, after earthquake of Event 17, the geomagnetic 
index drops to ≈ − 40 nT hours before the earthquake of 
Event 18 (Fig. 7). Also, Event 18 presented an uninter-
rupted VTEC decrease from − 3 to the earthquake day and 
two days of geomagnetic activity out of the calm range 
(Table 5). From days − 5 to − 2 before the earthquake, the 
mean VTEC values were higher than the reference (25.15 
uTEC) while geomagnetic condition was quiet, the rest of 

the days remain similar or below. The solar activity for the 
month of this event was high.

For the Event 19 and Event 20, geomagnetic activity does 
not exceed the − 35 nT (Fig. 7) and most of its mean VTEC 
values per day surpass the reference mean VTEC value 
(17.34 uTEC) (Fig. 5). In Event 19, an increment of + 6.81 
uTEC is presented the earthquake day, this during quiet geo-
magnetic conditions (Fig. 10). Moreover, Event 20 presents 
a drop in Dst index for day − 5 before earthquake and this 
is reflected as the highest daily mean VTEC, demonstrat-
ing once more the sensitivity of such atmospheric layer 
toward geomagnetic events (Fig. 7). After the above-men-
tioned drop, a continuous four-day increase (− 4 to − 1 day 
before the earthquake) in mean VTEC is presented to later 
drop − 12.38 uTEC the earthquake day (Fig. 10). After this, 
the subsequent values of mean VTEC are more similar to 
the reference value (17.34 uTEC). However, the changes 
in VTEC of Events 19 and 20 could be related with the 
solar activity of the month, which remains high (Fig. 4). In 
the case of Event 21, high solar activity is present for the 
month being the event with the highest solar activity of the 
seismic events studied (Fig. 4). Also, the mean VTEC value 

Fig. 10  In left side the VTEC for the 5 days before, the earthquake 
day (designated as EQ) and 3 days after. In vertical line the EQ time. 
In right side the maximum (triangle) and minimum (square) values 

per day of Dst index for the same period. The event is denoted by E# 
followed by its number and in concordance from left to right in color
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per day exceeds its reference mean (25.40 uTEC) for all 
the period (Figs. 3 and  5). This event presents continuous 
increments in VTEC from − 3 to − 1 before the earthquake, 
but for those specific days, the geomagnetic activity is near 
of − 40 nT, so these VTEC increments are likely to be related 
to the geomagnetic conditions instead of seismic activity 
(Fig. 10). Furthermore, being the opposite of the event pre-
viously analyzed, Event 22 presented a continuous decre-
ment of VTEC from − 3 to − 1 days, before the earthquake 
without geomagnetic activity below the − 20 nT for those 
specific days. However, two days of the period (− 1 and the 
EQ day) presented geomagnetic activity out of the calm 
range (Fig. 10). In relation to the mean VTEC values per 
day, these exceed the reference mean (33.76 uTEC) for the 
period before the earthquake, and the solar activity for the 
month is high (Fig. 4 and Fig. 5). On the other hand, except 
for the third day after the earthquake, the majority of days 
in study for Event 23 are under the impact of an intense geo-
magnetic storm that starts on day − 5 before the earthquake 
(Fig. 7). This geomagnetic storm had a negative impact on 
the ionosphere’s VTEC since there were not very high levels 
of VTEC and due its mean VTEC values per day does not 

reach the 20 uTEC (Fig. 5). Also, for this specific event it 
was not possible to obtain a mean reference VTEC value due 
the lack of days with quiet Dst index conditions. Moreover, 
during the recovery phase of the storm, the highest VTEC 
value was recorded (one- day prior the earthquake) (Fig. 10). 
The intense geomagnetic activity of this event coupled with 
the high solar activity of the month preclude the identifica-
tion of possible seismic precursors in VTEC.

In order to understand the relation between the VTEC of 
the days corresponding to each seismic event and its respec-
tive Dst index, a linear regression ( � ) was applied (Fig. 11) 
where its correlation coefficient R2 is presented in Table 5. 
Based on the results, the best correlations correspond to the 
Events 7,1,15,5,21,9,23 and 11, respectively. Although these 
correlations did not exceed the R2 = 0.11, some character-
istics may be highlighted: these events, with the exception 
of Event 11 and 5, are the events with the highest num-
ber of days affected by geomagnetic disturbed conditions 
(Table 5). However, this is not a general indicative because 
more exceptions can be found. In specific, Events 4, 10 and 
8 presented a high number of days with geomagnetic activ-
ity below − 20 nT (5, 7 and 7, respectively) but these did not 

Fig. 11  The linear regression (ρ) between VTEC and Dst index values per seismic event. The event is denoted by E# followed by its number
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reach a significant value in their correlations. Therefore, a 
higher correlation is not necessarily an indicative of more 
days affected with geomagnetic conditions below − 20 nT.

Additionally, the mean, standard deviation and variance 
of the VTEC of the days belonging to each seismic event 
were calculated. In Fig. 12, it is possible to observe how 
events registered in 2008 did not reach high mean VTEC 
(< 10 uTEC). In addition, it is possible to notice that the 
highest standard deviations were in concordance with the 
events with high solar activity. That is to say, from Table 5 
it is possible to identify 10 events (43%) with high solar 
activity (12, 13, 16, 17, 18,19, 20, 21, 22, 23, respectively). 
Considering these events, it can be observed that 9 of the 10 
mentioned (19, 20, 18, 22, 16,17 12,13, 21 by order) pre-
sented the highest standard deviation of the studied events 
(Fig. 12). Also, 8 of the 9 events previously mentioned 
(except for Event 21), that is, 8 of the highest correlations 
were events with few or no days affected by not quiet geo-
magnetic conditions (≤ 3 days). On the other hand, it can 
be seen that more events of Mw > 5.1 were recorded as the 
solar maximum was approaching than during the phase of 
solar minimum in the studied area. For instance, events reg-
istered in 2008 were only two and for year 2009 there were 
no records of earthquakes with such magnitude in the Oax-
aca region. Furthermore, the seismic events of Mw > 5.1 in 
the Oaxaca region occur more frequently after 2011.

Conclusions

In this study, the state of the ionosphere was examined using 
GPS-TEC with the aim of identifying possible ionospheric 
anomalies related to seismic activity. The analyses were 

performed considering five days prior and three days after 
the earthquake occurrence day. A set of 23 seismic events 
ranging from light to moderate magnitudes were used. The 
ground motions were registered in Oaxaca, Mexico. In addi-
tion, solar and geomagnetic conditions were considered. 
Based on the obtained results, it can be concluded that 17 
(74%) of the 23 events studied presented not quiet geomag-
netic conditions (below − 20 nT) before the earthquake day 
which rule out VTEC anomalies caused by seismic origin. 
Therefore, the following scenarios are proposed:

First, there was not high geomagnetic activity before the 
earthquake day and the mean VTEC values were above the 
established references resulting in ionospheric anomalies 
not related with Dst index records for the specific days. 
Thus, first scenario includes 13% of the events (5,13 and 
17, respectively). Nonetheless, with the exception of Event 
13 (that presents non-continuous increases and decreases 
greater than 16 uTEC), none of the events of the first sce-
nario presented significant changes in their VTEC behavior 
(> 10 uTEC) before the earthquake. Second scenario, the 
only geomagnetic activity below − 20 nT occurred the earth-
quake day. This scenario included one event (4%); the Event 
2 which occurred on a month with low solar activity and 
without geomagnetic activity the days before the earthquake. 
Moreover, it was possible to observed that the days before 
the earthquake the mean VTEC values were higher than 
the reference. Also, a continuous increment in VTEC was 
presented for the days before the earthquake. However, the 
mean and the increases in VTEC were small, which could be 
negligible. For the remaining 2 (9%) events, these presented 
particular characteristics, such as geomagnetic anomalies 
throughout the period and the opposite (Events 7 and 16, 
respectively). Third, taking a strict point of view when 

Fig. 12  Mean in conjunction 
with the standard deviation 
(upper) and variance (bottom) 
of the VTEC of the events 
studied
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discerning seismic events with solar and geomagnetic dis-
turbed conditions and considering their mean VTEC values, 
the possibility of finding VTEC anomalies related to seismic 
activity relies on to what extend the increase or decrease in 
VTEC becomes significant for earthquakes of light to mod-
erate magnitude. This, because although the majority of the 
events presented geomagnetic activity out of the calm range 
and despite its solar conditions it was possible to observed 
characteristic of interest in the analysis. Lastly, since most of 
the earthquakes under study were preceded by geomagnetic 
activity, this represents an important factor when searching 
true ionospheric anomalies caused by seismic activity is the 
task. Finally, the comprehension to what extent earthquakes 
and geomagnetic conditions are linked to each other is unde-
niable for the field of earthquake forecasting.
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