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An earthquake of Mw 7.1 occurred on January 14, 2018 in the southern coast of Peru. In this
study, public available Global Ionospheric Maps (GIMs) provided by the Center for Orbit
Determination in Europe (CODE) were used to look for ionospheric disturbances pre- and postearthquake. Twelve days before the seismic event, a positive anomaly was detected at low
latitudes in the northern hemisphere in differential vertical total electron content maps.
Moreover, given the low-latitude nature of this incident, changes in the shape of the Equatorial
Ionization Anomaly (EIA) were analyzed as well. A significant amplification of the northern
crest in the EIA of 33.3 % was also observed 12 days before the earthquake. Because the
geomagnetic and solar conditions for January 2, 2018 were very quiet and also knowing that
natural ground radioactivity produced by the earthquake's preparation can increase the total
electron density in the EIA, it is considered that this ionospheric disturbance is product of the
earthquake's preparation. Additionally, the detection of a negative ionospheric anomaly 2 days
after the incident is reported. An association to the earthquake of this negative disturbance is
hinted at, due to the also the rather quiet geomagnetic and solar conditions after the seismic
occurrence.
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1.

INTRODUCTION

Earthquakes, depending on their magnitude, can
not only cause a lot of infrastructure damage but also
be responsible for the lost of many human lives. In
order to provide efforts on the search of earthquake's
precursors many past studies have analyzed
ionospheric anomalies before the occurrence of
seismic events. Some of these studies (e.g.,
Zakharenkova et al., 2006; Zakharenkova et al., 2008;
Mubarak et al., 2009; Zhu et al., 2010; Zou and Zhao,
2010; Yao et al., 2012; Zhu et al., 2013; Xinzhi et al.,
2014; Guo et al., 2015; Li et al., 2015; Pundhir et al.,
2015; Alcay, 2016; Sharma et al., 2017;
Akhoondzadeh et al., 2018; Sotomayor-Beltran, 2019)
have confirmed the presence of ionospheric variations
days before the occurrence of an earthquake. On the
other hand, only a few studies (e.g., Zou, 2010; Xinzhi
et al., 2014) have reported ionospheric anomalies
a few days after an earthquake. Evidently, ionospheric
disturbances may also arise due to some other natural
phenomena or even man-made causes (Afraimovich et
al., 2013); for instance, due to geomagnetic storms
(Buonsanto, 1999; Danilov, 2013). Hence, the
aforementioned studies on seismo-ionospheric
signatures, ruled out any influence of such
disturbances for their analyses.
Making use of Global Ionosphere Maps (GIMs),
which are maps at a global scale of the vertical total
electron content (VTEC), Pundhir et al. (2015)

detected ionospheric disturbances 5-7 days before the
seismic event in Agra, India. They detected these by
simply looking into the diurnal variations of the
VTEC right over the epicenter. In a similar fashion,
Mubarak et al. (2009) pointed to variations a few days
before in the VTEC over the earthquake's location in
Simeulue, Indonesia. Li et al. (2015) and Zhu et al.
(2010) detected an anomaly in the ionosphere over the
location of the epicenter 3 days prior to the occurrence
in Wenchuan, China. However in these studies, they
did not look into the line of sight above the epicenter,
but produced two-dimensional ionospheric anomaly
maps based on GIMs. The reliability of GIMs as
indicator of space weather activity has been pointed
out by Coster and Komjathy (2008) and HernándezPajares et al. (2009). Zhu et al. (2013) detected an
ionospheric anomaly 6 days before a seismic event
that happened near Sumatra, Indonesia. This
observation was possible once again by looking into
differential ionospheric maps. In another unrelated
incident in Sumatra, Indonesia, Zakharenkova et al.
(2006) saw variations in the ionosphere days before
this new seismic event. In this case, they noticed these
variations by looking into changes of the shape of the
Equatorial Ionization Anomaly (EIA). Generating
global ionospheric disturbance maps, Xinzhi et al.
(2014) observed a strong positive disturbance 12 days
before the earthquake in Yutian, China. They also
detected 2 days after the seismic event a negative
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Fig. 1

The epicenter of the Acari earthquake is indicated by the red circle.

anomaly. Similarly to Xinzhi et al. (2014), Zou and
Zhao (2010) have also detected an ionospheric
disturbance 8 days after the earthquake that happened
in Peru in the year 2007.
In this paper, the appearance of ionospheric
anomalies some days before and after the catastrophic
earthquake that happened on January 14, 2018 in Peru
are presented.
2.

THE ACARI EARTHQUAKE

At the beginning of the year 2018, on January
14, at 09:18 UT (04:18 local time; LT), a major
earthquake of moment magnitude (Mw) 7.1 struck off
the southern coast of Peru, near the town of Acari. As
shown in Figure 1, the epicenter was located at
15.77°S and 74.71°W. According to the United States
Geological Survey (USGS) this seismic event
occurred at a depth of 39 km. The Acari earthquake is
the result of the Nazca plate subduction process
beneath the South American plate. As reported by the
media, the aftermath of this incident caused the lost of
two human lives, several persons injured and many
houses of mud brick material and roads were badly
damaged.
3. METHODOLOGY
3.1. IONOSPHERIC DATA

GIMs are provided in the form of IONosphere
map EXchange (IONEX) format files (Schaer et al.,
1998). These files are provided by centers like the
Center for Orbit Determination in Europe (CODE) or
by the Crustal Dynamics Data Information System
(CDDIS). For the analysis of the ionosphere before
and after the earthquake, data from CODE, which are
derived from about 300 GPS sites of the International
Global Navigation Satellite System Service (IGS) and
other institutions, were used.
VTEC maps from CODE are provided in
a geographical grid, the resolution in longitude is of 5°
and in latitude of 2.5°. These maps are built under the
consideration that the ionosphere can be modeled as

a thin spherical shell that surrounds the Earth at
a determined height (h = 450 km). GIMs are produced
every hour. The VTEC values are given in TEC Units
(TECU), where 1 TECU = 1016 electrons/m2.
IONEX files where retrieved from CODE via ftp
(ftp.aiub.unibe.ch/CODE/) starting 15 days before
(December 30, 2017) the seismic event until 10 days
(January 24, 2018) afterwards. Due to the structure of
the IONEX files, which consist of header and data
(the VTEC data themselves) parts, a program in
Python to split these two parts had to be written.
Afterwards,
using
the NumPy library from
Python (which allows to relatively easily handle
N-dimensional arrays), the VTEC values were
arranged into 3D cubes for further analysis. The x and
y axes of the cubes are the longitude and latitude,
respectively, and the z axis is the number of GIMs.
3.2. GEOMAGNETIC AND SOLAR CONDITIONS

In order to rule out any influence from
geomagnetic and solar activity, the behavior of three
very important indices were assessed.
The Dst index monitors the level of intensity of
geomagnetic storms. For Dst > -20 nT the
geomagnetic activity is considered quiet and for
- 20 nT ≥ Dst > -50 nT the magnetic storms are
considered of small intensity. If - 50 nT ≥ Dst >
-100 nT the storms are of medium intensity. Finally, if
-200 nT < Dst ≤ -100 nT and Dst ≤ -200 nT, the
storms are considered of large and severe intensity
(Xinzhi et al., 2014), respectively . Dst index data
from the World Data Center for Geomagnetism in
Kyoto (http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html)
for the months of December 2017 and January 2018
were retrieved. In Figure 2 it can be seen that for the
range of days selected there are no major magnetic
storms.
The Kp index measures the disturbance of
the horizontal component of the geomagnetic field.
Data for this index were obtained from the
German Research Centre for Geosciences (GFZ;
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Dst, Kp and F10.7 indices for the period between December 30, 2017 and January 24,
2018. The red dashed vertical line indicates the day the earthquake happened.

https://www.gfz-potsdam.de/en/kp-index/) also for the
months of December 2017 and January 2018. Figure 2
shows that for the range of selected days, Kp ≤ 4,
which means that the level geomagnetic activity was
relatively quiet. Only for the day of the earthquake
between 00:00-03:00 UT, Kp = 5 which according to
the National Oceanic and Atmospheric Administration
(NOAA) space weather scales actually points to
a minor storm.
The F10.7 index is an indicator of the solar
conditions. Data for this index were downloaded from
the OMNI database
(https://omniweb.gsfc.nasa.gov/form/dx1.html).
In
Figure 2 it can be seen that F10.7 for the period under
study was quite stable, which points to low solar
activity.

days within the window, the mean ( μ ) and standard
deviation ( σ ) values for each timestamp (i.e., ts =
00 UT, 02 UT, 04 UT, etc.) were calculated.
To establish when there is an ionospheric
anomaly, the upper and lower bounds (UB and LB,
respectively) were defined as follows:

3.3. THE STATISTICAL METHOD

Observing at the VTEC time series over the
location of the seismic event (Fig. 3), ionospheric
anomalies are hardly identified. However for January
1 and 2, 2018 between ~ 18:00-23:00 UT and ~
13:00-20:00 UT, respectively, the VTEC values are
similar to the ones from the upper bound. In order to
have a broader and better view if in these days there
are any ionospheric disturbances, the sliding window
method was applied to each cell in the geographical
grid. The final result was a 3D cube made up of twodimensional differential VTEC ( Δ VTEC) maps. The
Δ VTEC is equal to 0 when the VTEC value for
a given time at a certain day falls within the UB and

In order to look for ionospheric disturbances
before the day of the earthquake, a well established
and used statistical method was applied (e.g. Liu et
al., 2004; Zhou et al., 2009; Zhu et al., 2010; Yao et
al., 2012; Zhu et al., 2013; Alcay, 2016; SotomayorBeltran, 2019). Assuming that the cells in the grid of
the GIMs, for a particular timestamp (e.g., ts= 00 UT),
have a normal distribution within a period of days,
a sliding window to the VTEC data over the location
of the Acari earthquake was applied. This window
started some days before the event and went until
a few days after the earthquake. For each period of

UB = μ + 2σ

(1)

LB = μ − 2σ
(2)
If a VTEC value for a certain geographic
location at a particular time falls above the upper
bound or bellow the lower bound, there is a positive
or a negative ionospheric anomaly detection with
a 95 % confidence level, respectively.
4.

RESULTS AND DISCUSSION
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The black line shows the VTEC time series over the geographic location of the epicenter (15.77°S and
74.71°W) of the Acari earthquake for the period between January 1 and 18, 2018. The blue and red lines
indicate the upper and lower bound, respectively. The dashed vertical grey line indicates the day the
seismic event happened.

Global ionospheric anomaly maps for days (January 2 and 16, 2018) in which positive and negative
disturbances are observed. The grey circles in all the maps point to the location of the earthquake's
epicenter.

LB. The Δ VTEC are positive and negative when the
VTEC value for a given time at a certain day falls
above or bellow the UB and LB, respectively.
4.1. IONOSPHERIC DISTURBANCE PRIOR TO THE
EARTHQUAKE

After carefully inspecting the Δ VTEC cube, it
was observed that for January 1, 2018 at ~ 18:0023:00 UT there was not a clear detection of an
ionospheric disturbance. However, on January 2 (12
days before the seismic event) a positive ionospheric
anomaly is clearly identified. This disturbance appears
approximately at 16:00 UT in the northern hemisphere
at ~ 5°N (Fig. 4) and has its strongest intensity at
around 18:00 UT, time when another positive
anomaly in the magnetic conjugated region in the
southern hemisphere (~18°S) is also identified. This

agrees well with other observations of seismoionospheric signatures observed a few days before an
earthquake (e.g., Zhu et al., 2010; Yao et al., 2012;
Zhu et al., 2013; Li et al., 2015). The maximum Δ
VTEC at 18:00 UT is 2.94 TECU. Afterwards, at ~
20:00 UT it can be seen that the anomaly moved
westwards until it faded away. From Figure 2 it can be
seen that on January 2 the geomagnetic indices are
Dst < -20 nT and Kp ≤ 2, which point to fairly quiet
geomagnetic conditions.
The town of Acari is located at low latitudes,
which means that the EIA passes right above it. This
phenomenon consists of two regions of enhanced
plasma density located approximately 15° north and
south of the magnetic dip equator (McDonald et al.,
2011), and are product of the equatorial fountain
effect (Appleton, 1946). Pulinets and Legen’ka (2002)
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Structure of the VTEC for the 75°W meridian at 18:00 UT starting on December 31, 2017 until January
4, 2018. A relevant range of latitudes is shown, 37.5°N-37.5°S. The vertical dashed black line indicates
the latitude (15.77°S) where the earthquake took place.

and Pulinets (2012) have indicated that some days
prior to a seismic event, the shape of the equatorial
anomaly is modified. These modifications are divided
in three groups: enlargement of the EIA,
disappearance of the crests and EIA distortions
through changes in the locations of the trough and the
crests. Taking the VTEC values along the constant
longitude of 75°W (approximately above the
earthquake's epicenter) for the different hours of the
day, it was found out that at 18:00 UT (11:00 LT)
the shape of the EIA considerably changed the most.
In Figure 5 the VTEC shape for the longitude of 75°W
at 18:00 UT is shown between December 31, 2017
and January 4, 2018. It can be clearly seen that the
EIA remains rather stable between December 31,
2017 and January 1, 2018; however, on January 2 the
EIA changes significantly its shape through the
considerable amplification of its northern and
southern crests. The increase of the northern crest was
of 33.3 % (~10 TECU) relative to a stable day. This
situation is rather similar to what Zakharenkova et al.
(2006) described what happened days before the
earthquake in Indonesia on December 26, 2004. Two
days before this event, they also reported the
amplification of the EIA during daytime. After
January 2, 2018, as shown in Figure 5, for January 3
and 4, 2018 the EIA shows its normal variability
under stable conditions.
As considered by Pulinets (2009) and Pulinets
(2012), ionization of the air produced by natural
ground radioactivity can be the main driving force for
the observed enhancement of electron density 12 days
prior to the seismic event. Due to active tectonic
faults, radon is emanated from the Earth’s crust,
which will produce air ionization. If the ionization
levels are high, heavy ions will abound in the
boundary of the atmosphere, which will lead to
a decrease of air conductivity. This decrement will
cause an increase of the ionospheric potential with
respect to the ground and thus a positive ionospheric
anomaly will arise.

4.2. IONOSPHERIC DISTURBANCE AFTER THE
EARTHQUAKE

On January 16 (2 days after the earthquake),
a negative ionospheric disturbance was detected.
Figure 4 shows this disturbance occurring to the south
(~-30°S) of the seismic event. The minimum Δ
VTEC of this disturbance on January 16 at 18:00 UT
is - 2.83 TECU. Zou (2010) and Xinzhi et al. (2014)
have also reported negative anomalies 2 and 8 days
after seismic events, respectively; however, no
physical mechanism was put forward to account for
these. For the Acari earthquake like in the
aforementioned studies, the geomagnetic conditions
(Fig. 2) also remained rather quiet after the event.
Thus, it can only be suggested that the observed
negative anomaly could be product of post-earthquake
activity.
5.

CONCLUSIONS

Using IONEX files from CODE, ionospheric
anomalies before and after the catastrophic seismic
event that took place near the town of Acari, Peru, on
January 14, 2018 were identified. By creating twodimensional differential VTEC maps, a positive
ionospheric disturbance was observed 12 days
(January 2) before the incident in the northern
hemisphere. During this day the geomagnetic
conditions,
based
on
geomagnetic
indices
observations, and solar ones remained relatively
stable. Additionally, due to the low-latitude location
of the Acari earthquake, the meridian VTEC shape
where the earthquake took place was analyzed. It was
finally revealed that for January 2, 2018 the EIA
shape changed through an amplification of its
northern and southern crests; the northern one
showing the strongest variation (33.3 % VTEC
increment). Furthermore, it is suggested that air
ionization due to the earthquake's preparation is
increasing the electron density in the EIA. Under all
the aforementioned considerations, the positive
ionospheric disturbance is hence suggested to be
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a precursor of the seismic event. Finally, 2 days after
the earthquake, a negative ionospheric anomaly was
also observed. However in this case, it can only be
hinted at that this anomaly is associated to the
earthquake due to the quiet geomagnetic and solar
conditions, as not well-know mechanism can still
account for what happens in the ionosphere a few days
after an earthquake occurs.
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