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ABSTRACT
Several factors may induce perturbations on the ionospheric
plasma, changing its average electron density and creating
small-scale irregularities, changing its shape and altitude. So-
lar irradiance and space weather are some of the main factors
affecting the ionosphere. They produce a seasonal and daily
dependence, modulated by the solar cycle, with more iono-
spheric activity during periods of higher solar activity. Re-
cent studies shows that another source of perturbations for
the ionosphere may be related to internal Earth parameters as
seismic activity, in particular, earthquakes. In the period be-
fore an earthquake, rocks in the lithosphere are subjected to
pressures and movements that may create variations of elec-
tromagnetic fields and low frequency waves interacting with
the ionosphere. In this work, the ionospheric scintillation in-
tensity index or S4 is estimated from GNSS-R data collected
by NASA CYGNSS, and it is correlated with earthquakes
events in 2020. Furthermore, it is compared with plasma
fluctuation indices measured by ESA Swarm satellites. Two
earthquakes in 2020 with magnitudes larger than 7 in the cen-
tral America region are shown in this work.

Index Terms— Ionosphere, earthquake precursor, Swarm,
CYGNSS, GNSS-R.

1. INTRODUCTION

Ionospheric scintillation is one of the main concerns for satel-
lite communications, GNSS, and Earth Observation (EO) sys-
tems. It consists of rapid intensity and phase fluctuations of
the electromagnetic waves passing through it. It is known
to be driven by solar activity, such as the radiation intensity,
varying from day to night; latitude, affecting the incidence
angle, and solar cycle phase, which influence the upper atmo-
spheric layers.

Another source of perturbation for the ionosphere comes
from the lithosphere and changes in the geomagnetic field.
The purpose of this study is to analyze the potential correla-
tions between the ionospheric activity and the internal Earth
activity produced by seismic events, i.e. earthquakes.

Even there is a strong consensus on the impossibility
to predict Earthquakes, some studies report lithosphere-
ionosphere influences exhibited, for example, by magnetic

field variations during aurora periods that correlate to seismic
activity [1, 2]. Lithosphere rocks suffer from large pressures
in regions where tectonic plates collide or slide with others.
This pressure can create electric currents and fields due to
the piezoelectric effect, and those electric fields can generate
ELF (Extremely Low Frequency) electromagnetic waves that
can affect the shape and density of the ionosphere [3].

2. DATA SOURCES AND METHOD

In this study, ionospheric anomalies and geomagnetic fields
are analyzed to make a correlation with earthquakes. A novel
technique introduced in [4] is used to derive the S4 scintil-
lation indicator from GNSS-R data by measuring the fluc-
tuations in the Signal-to-Noise Ratio of the Delay-Doppler
Map (DDM) in reflections over calm water surfaces, follow-
ing the methodology explained in [5]. GNSS-R data is ob-
tained from NASA Cyclone Global Navigation Satellite Sys-
tem (CYGNSS) mission, a constellation of 8 satellites with
an orbital inclination of 35º, covering latitudes from 40ºS to
40ºN.

To study the global S4 evolution and anomalies, daily
maps have been created by averaging the S4 samples over
oceans within a grid of 1º latitude/longitude bins. The num-
ber of samples per bin, and per day varies from around 100 in
equatorial regions to 200 at around 30º North and South.

The United States Geological Survey (USGS) database,
containing earthquakes magnitude, date, coordinates and
depth of the hypocenter is also used. Selecting only the ones
with magnitudes larger than 4.5 magnitude there are around
5200 earthquakes in latitudes from 40ºS to 40ºN, which may
be suitable to correlate using CYGNSS data. It is expected
that the larger the earthquake magnitude, the larger the iono-
spheric perturbation produced. During 2020, and within the
±40º latitude range, there were only 96 earthquakes with
magnitudes of 6 or larger, and 5 with magnitudes larger or
equal than 7.

A set of daily S4 maps for one year (from October 2019
to October 2020) has been generated. To detect seasonal and
geographic anomalies from the typical values, for each pixel
in the map, we subtracted the 7-day average following day
D from the the preceding 90-day average, according to the

© 2021 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including 
reprinting/republishing this material for advertising or promotional purposes,creating new collective works, for resale or redistribution to servers or lists, or reuse 
of any copyrighted component of this work in other works. DOI 10.1109/IGARSS47720.2021.9555020



-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
-40

-30

-20

-10

0

10

20

30

40

S
4
 anomaly map for day Jan 23, 2020, with earthquakes of magnitudes larger than 4.5

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

S
4
 a

n
o
m

a
ly

Earthquakes

Fig. 1: S4 anomaly map computed from the 7 days following Jan 23, 2020, after subtracting the preceding 90-days average for
all oceanic regions between 40ºS to 40ºN latitude. Blue stars are the earthquake’s epicenters happening in the next 7 days.

expression (1),
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1
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S4(y, x, d), (1)

where y, x represent the latitude and longitude of each
pixel in the map, and d is the day. The resulting anomaly
map shows maximum difference values of around ±0.06 in
the S4.

Besides, the earthquakes occurring within the following 7
days, have been plotted in the same map to visually correlate
if the pressure being built up in the lithosphere rocks before
the earthquake occurs is actually impacting the ionosphere.
The resulting anomaly map is shown in Fig. 1 for Jan 23,
2020.

Another data source used to correlate with earthquake
events is the geomagnetic field and the plasma density data
from ESA Swarm mission. Swarm constellation consists of 2
satellites, Alpha and Charlie, orbiting side-by-side at 460 km
altitude and a third one, Bravo, at 530 km, all of them in polar
orbits. Swarm performs high-precision and high-resolution
measurements of the geomagnetic field strength and direction
and plasma density at the orbital altitude.

3. RESULTS

The search of correlations between earthquakes and iono-
spheric activity has begun with the largest earthquakes in
2020. One of the cases studied was an earthquake happen-
ing in the Caribbean Sea, between Cuba and Jamaica on Jan
28, 2020, with a magnitude of 7.7 [6]. The hypocenter was
located at 14.9 km depth undersea at around 123 km NNW
from the coast of Jamaica at 19:10 UTC (14:10 LT). The
contours of the intensity shake-map are shown in Fig. 2.

In the S4 anomaly map, an increase in the activity is ob-
served starting around Jan 20 (8 days before the earthquake),
then having a maximum on Jan 23 and 24 and continue de-
creasing during Jan 29 and 30, finally stabilizing around near-
zero values. Four selected days are presented in Fig. 3. The
perturbation size is approximately 500 km radius around the

Fig. 2: Modified Mercalli Intensity (MMI) shake-map con-
tours around the epicenter of the Caribbean earthquake on Jan
28, 2020 earthquake (magnitude 7.7), also showing the plate
boundaries.

epicenter, similar to the shake-map contours’ size shown in
Fig. 2.

To compare this anomaly in the S4 extracted from CYGNSS
data, Fig. 4, shows two variables detected by ESA Swarm
satellites Alpha (blue), Bravo (red) and Charlie (Green), dur-
ing the months before and after the earthquake. The first one
is the fluctuations in the plasma density (delta Ne40s). This
parameter measures the difference between the actual elec-
tron density and the average value throughout 40 s, and it can
detect perturbations in the order of 300 km and smaller. The
second measurement presented is the residuals of the mag-
netic field intensity with respect to the geomagnetic model
CHAOS-7 [7], and it is plotted as F res Model in nT.

This data corresponds to a period from Jan 1 to Feb 29,
2020, in a rectangular region of 1800 x 1500 km around the
epicenter of the Caribbean earthquake in Jan 28. In Fig. 4a,
it is observed that the plasma density has larger peak fluctua-
tions during January, in particular from Jan 3 to Jan 24, before
the earthquake than in February.

In Fig. 4b, magnetic field intensity residuals are plotted,
showing relatively homogeneous negative deviations from the
magnetic model during the whole period in the two satellites
with available data (Alpha and Bravo).

A second strong earthquake in 2020 happened in the coast
of Mexico, in Oaxaca state, on Jun 23, 2020 [8], which inten-
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(c) Jan 28 (Earthquake day)
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(d) Feb 3

Fig. 3: S4 anomaly map for selected days around the
Caribbean earthquake on Jan 28, with a resolution of 1º per
pixel. Stars represent the earthquake’s epicenters with magni-
tudes ≥ 4.5 in the next 7 days.

sity contour shake-map is shown in Fig. 5. It was a 7.4 mag-
nitude earthquake in an underground point 20 km deep. The
S4 anomalies map for selected days is shown in Fig. 6.

In Fig. 6b it can be seen a slightly circular peak in the
S4 around the earthquake, in both Mexico shores, the Pacific
one, close to the Earthquake epicenter, and the Gulf of Mexico
one. This perturbation built up in the days following Jun 14
(Fig. 6a), and then disappeared by Jun 26 (Fig 6c).

4. CONCLUSION

This work continues the study initiated in [4] using a novel
technique to infer ionospheric parameters using GNSS-R
data, with good availability in tropical and equatorial oceanic
regions. This technique could be highly profitable for more
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(b) Residuals of magnetic field intensity from magnetic model CHAOS-7 [7]

Fig. 4: Plasma density and geomagnetic measurements ob-
served by Swarm during 2 months before and after the Jan
28 Caribbean earthquake within a region of 1800 x 1500 km
around the epicenter.

extensive, global ionospheric monitoring [5], as compared to
ground-stations-based methods, in which only local activity
may be detected.

Using this global indicator, patterns in the S4 behavior
can be extracted to better monitor ionospheric activity pro-
duced by external Earth factors but also activity related with
seismic events and earthquakes. With the availability of data
over oceans, also undersea earthquakes can be studied, which
constitute a large portion of the total number of earthquakes.

The work presented in this paper represents only a small
fraction of the study that can be performed with this new way
of monitoring the ionosphere. At the conference, correlations
with other geophysical variables and other events will be pre-
sented. Future studies will incorporate as well other geomag-
netic and solar parameters to discard possible false alarms.

It is significant to note that some of the events detected
in the S4 anomalies map can be produced by other causes,
like Equatorial Plasma Depletions or even large cyclones or
hurricanes as some studies have shown [9], although it is not
the case in the examples presented. Future studies will be
conducted to find more indicators on this kind of ionospheric
precursors for earthquake events.
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Fig. 5: MMI shake-map contours around the epicenter of the
Oaxaca earthquake on Jun 23, 2020 earthquake (magnitude
7.4), also showing the plate boundaries.
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“Ionospheric Scintillation Monitoring Using GNSS-R?,”
in IGARSS 2018 - 2018 IEEE International Geoscience
and Remote Sensing Symposium, 2018, pp. 3339–3342.

https://earthquake.usgs.gov/earthquakes/eventpage/us60007idc
https://earthquake.usgs.gov/earthquakes/eventpage/us60007idc
https://earthquake.usgs.gov/earthquakes/eventpage/us6000ah9t
https://earthquake.usgs.gov/earthquakes/eventpage/us6000ah9t

	 Introduction
	 Data sources and method
	 Results
	 Conclusion
	 Acknowledgements
	 References

