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Abstract
A precise determination of ionospheric total electron content (TEC) anomaly variations that are likely associated with large
earthquakes as observed by global positioning system (GPS) requires the elimination of the ionospheric eﬀect from irregular solar electromagnetic radiation. In particular, revealing the seismo-ionospheric anomalies when earthquakes occurred during periods of high solar
activity is of utmost importance. To overcome this constraint, a multiresolution time series processing technique based on wavelet transform applicable to global ionosphere map (GIM) TEC data was used to remove the nonlinear eﬀect from solar radiation for the earthquake that struck Tohoku, Japan, on 11 March, 2011. As a result, it was found that the extracted TEC have a good correlation with
the measured solar extreme ultraviolet ﬂux in 26–34 nm (EUV26–34) and the 10.7 cm solar radio ﬂux (F10.7). After removing the inﬂuence
of solar radiation origin in GIM TEC, the analysis results show that the TEC around the forthcoming epicenter and its conjugate were
signiﬁcantly enhanced in the afternoon period of 8 March 2011, 3 days before the earthquake. The spatial distributions of the TEC anomalous and extreme enhancements indicate that the earthquake preparation process had brought with a TEC anomaly area of size approximately 1650 and 5700 km in the latitudinal and longitudinal directions, respectively.
Ó 2012 Published by Elsevier Ltd. on behalf of COSPAR.
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1. Introduction
Over the past two decades, there have been extensive
studies on seismo-ionospheric anomalies that precede earthquakes (Chen et al., 1999; Liu et al., 2000; Pulinets and
Boyarchuk, 2004; Rishbeth, 2006; Zhao et al., 2008;
Klimenko et al., 2011; Kon et al., 2011; Xu et al., 2011). Statistical studies show that ionospheric disturbances caused
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by seismic activities can be observed between several days
and a few minutes prior to an impending large earthquake
(M P 6) (Liu et al., 2000, 2004a, 2006; Le et al., 2011).
However, in many cases, ionospheric anomaly signals
induced by seismic activity can easily be confused with
background ﬂuctuations due to solar activity. Afraimovich
et al. (2008) showed that TEC anomalies observed within
the area of a coming earthquake could be caused not as
much by the enhanced seismic activity before earthquakes
as by the changes in the global ionization due to the dynamics of the solar radiation. Debates and doubts still exist
about pre-earthquake ionospheric anomalies (Rishbeth,
2006, 2007; Dautermann et al., 2007; Afraimovich and
Astafyeva, 2008). Therefore, removing ionospheric
variations resulting from irregular solar electromagnetic
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radiation before seismo-ionospheric data analysis turns to
be of utmost importance.
The ionosphere is a product of the interaction between
the Sun and the Earth’s environment. The Earth’s upper
atmosphere absorbs solar radiation, which results in ionosphere heating, dissociation and ionization. Therefore, the
total electron content (TEC) of the ionosphere is mainly
controlled by the intensities of solar electromagnetic radiation. In periods of increasing solar activity, solar radiation
variations over the short timescale (e.g., months, seasons)
are intensive, rapid and nonlinear. For ionospheric data
analysis, the solar radiation background in a signal is just
like noise, which often increases diﬃculties in further
processing, as the background always blurs the analytical
signal. It is diﬃcult or even impossible to analyze a signal
with a strong background. Examples of earthquakes are
always chosen for analysis under quiet geophysical
and space weather conditions, such as the Wenchuan
earthquake, which occurred in the period of extremely
low solar activity between the 23rd and the 24th solar cycle.
However, earthquakes can happened at any time around
the world. Therefore, knowing how to detect and reveal
the ionospheric anomaly variations, such as the M9.0
Tohoku earthquake, which occurred during a period of
high solar activity, is a diﬃcult problem yet to be
adequately resolved.
Solar extreme ultraviolet (EUV) irradiances are the
fundamental and primary energy input for the Earth’s ionosphere and thermosphere (Tobiska, 1996). At present,
several space-ﬂight instruments can provide EUV data
including the Solar EUV Monitor (SEM) (Judge et al.,
1998) on the Solar and Heliospheric Observatory (SOHO),
the Solar EUV Experiment (SEE) (Woods et al., 2005) on
the Thermosphere–Ionosphere–Mesosphere Energetics and
Dynamics (TIMED) satellite and the Extreme ultraviolet
Variability Experiment (EVE) (Woods et al., 2010) on the
NASA Solar Dynamics Observatory (SDO) mission. Since
1996, the solar EUV ﬂuxes in 26–34 nm (EUV26–34) with a
time resolution of 15 s was continuously monitored by the
highly accurate and stable EUV spectrometer (SEM)
aboard SOHO satellite. Therefore, we utilized the
EUV26–34 data from January 2011 to March 2011 provided
by the Space Sciences Center of University of Southern
California (http://www.usc.edu/dept/space_science/semdatafolder/long/15_sec_avg/) in this paper. Moreover, there
are many commonly-used solar proxies including F10.7
(10.7 cm solar radio ﬂux), SSN (sunspot number) and
Mg II core-to-wing ratio (Viereck et al., 2001), etc. The
F10.7 is a measure of the solar radio ﬂux per unit frequency
at a wavelength of 10.7 cm, near the peak of the observed
solar radio emission. The index has a good relationship
with the solar cycle. Therefore, when describing solar activity, it was widely used as a representative index. In this
paper, we also use the daily data of F10.7 from January
2011 to March 2011 provided by the National Oceanic
and Atmospheric Administration (NOAA) Data Center
(ftp://ftp.ngdc.noaa.gov). Fig. 1 shows that the EUV26–34

increased 1.45-fold (from 1.1 to 1.6) (in units of 1014
photons/m2/s), and the F10.7 increased more than 2-fold
(from 77 to 164) (in units of 1022 W/m2/Hz) during the
observation period. It is noteworthy that the EUV26–34
and the F10.7 have a very similar variation tendency. What
is more important, both the two indices indicated that the
variations in environmental background from solar ﬂuxes
were rapid and had a nonlinear character before the shocking. Therefore, an important challenge in processing the
data is to develop an eﬀective method to remove the strong
and nonlinear background and to extract reliable physical
information.
Wavelet transform is a modern nonlinear data processing method and has been one of the most eﬀective tools to
analyze the nonstationary signals (Mallat, 2008). By the
wavelet transform, in the low frequency part of the signal,
a lower time resolution and a higher frequency resolution
are used, whereas in the high frequency part, a higher time
resolution and a lower frequency resolution are utilized,
allowing any details of the signal to be focused on. By
means of the multiresolution wavelet transform (MWT),
an original signal can be decomposed into localized contributions characterized by a scale parameter. Each contribution represents a portion of the signal with a diﬀerent
frequency. In the present paper, MWT was used to eliminate the background from solar radiation in ionospheric
TEC data. As shown in Fig. 1, the solar radiation signal
is a low frequency over the short timescale (e.g., months,
seasons). Hence, a pure analyte signal can be created
through wavelet reconstruction by the wavelet decomposition of the TEC dataset and by removal of the background
contribution in the wavelet transformed vector. The presented algorithm consists of two parts: low-frequency
(approximation) removal based on a wavelet decomposition algorithm, and an evaluation of the results.
2. Ionosphere data
With the unprecedented temporal and spatial coverage of
the observations based on the global positioning system
(GPS) satellites and the corresponding hundreds of ground
stations distributed all over the world, the ionospheric TEC
data have been extensively utilized in ionospheric studies to
detect and measure ionospheric anomaly variations. The
ionospheric data used in this study were generated on a daily
basis at Center for Orbit Determination in Europe (CODE)
using TEC data from approximately 250 continuously operating GPS receivers of the International GNSS Service
(IGS) and other institutions. CODE TEC maps were generated every 2 h to produce 2 hourly snapshots of the global
ionosphere. Each global ionosphere map (GIM) has a spatial resolution of 2.5°  5° in geographic latitude and longitude. According to Dobrovolsky et al. (1979), the Tohoku
earthquake likely caused large-scale ionospheric disturbances because it has very high intensity (M = 9.0). Therefore it is highly possible to ﬁnd some large-scale structures
and variations in the ionosphere from the CODE TEC data.
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Fig. 1. The solar activity time series, from 26 January to 11 March, 2011, of 2 h average SOHO/SEM 26–34 nm EUV ﬂux (in units of 1014 photons/m2/s),
and the F10.7 index (in units of 1022 W/m2/Hz).

We utilized CODE GIMs (ftp://cddisa.gsfc.nasa.gov/pub/
gps/products/ionex) for the period from 10 February to 11
March 2011 in this paper.
3. Methodology
In this section we discuss in detail the MWT-based data
processing technique applied to reveal the short temporal
scale nonlinear variations of solar radiation in GIMs. In
the ﬁrst subsection we address the key theories that constitute the building blocks of the presented technique. Next,
the quantiﬁcation index of the method is described.
3.1. Theory and calculation
A wavelet is deﬁned as a series of functions wu,s(t)
derived from a function w(t) by shifts in the translations
and dilations that act on the frequency variable as follows
1  t  u
wu;s ðtÞ ¼ pﬃﬃ w
; s – 0; u; s 2 R;
ð1Þ
s
s
where w is a so-called mother wavelet, and s and u denote
the dilation and translation parameters, respectively. If f(t)
is an energy-limited signal, then the continuous wavelet
transform can be expressed as
Z þ1
 t  u
1
f ðtÞw
dt;
ð2Þ
W ðu; sÞ ¼ pﬃﬃ
s
s 1
In practice, the signals to be analyzed are generally discrete. Therefore, the discrete forms for a continuous wavelet and its transform are generally needed. Despite the
existence of several algorithms (Grossman and Morlet,
1984; Hilton, 1997), the multiresolution signal decomposition and reconstruction by Mallat (1989a,b) is commonly
used. If A0 ðnÞ; n 2 Z denotes a discrete signal of ionospheric
TEC, the decomposition can be calculated by
X
hk Aj1 ðn  2j1 kÞ;
ð3Þ
Aj ðnÞ ¼
k2Z

Dj ðnÞ ¼

X

gk Dj1 ðn  2j1 kÞ;

ð4Þ

Aj1 ðnÞ ¼

X

~hk Aj ðn  2j1 kÞ þ

k2Z

X
g~k Dj ðn  2j1 kÞ;

ð5Þ

k2Z

where j ð¼ 1 . . . J Þ are the times of decomposition, {hk}keZ,
gk gk2Z are discrete ﬁlters and conju{gk}keZ and f~hk gk2Z ; f~
gate ﬁlters obtained from the basic function w(t) and the
corresponding scaling function wu,s(t), respectively (Mallat,
1989b). Aj and Dj are called the discrete approximation and
the discrete detail at the jth level or at the resolution of 2j
with respect to A0, respectively. Aj is the low frequency part
of signal A0 with a frequency lower than 2j, and Dj is the
high frequency part of the signal with the frequency between 2j and 2j+1 (Shao et al., 1998).
For the decomposition of each GIM pixel, the Aj and Dj
values are the diﬀerent frequency components of the original ionospheric signal. The GIM TEC oscillation will be
decomposed into the Dj and the background eﬀect of solar
radiation will remain in Aj if the j is properly selected.
Therefore, the extraction of the TEC variations of solar
radiation from the GIM TEC can be easily implemented
by reconstructing the signal from Aj and Dj with the Aj values being set to zero.
3.2. Quantiﬁcation
To evaluate the obtained coeﬃcients of the GIM TEC
after preprocessing with MWT, the correlations between
the obtained background and the measured solar activity
indices EUV26–34 and F10.7 are calculated, respectively.
The EUV26–34 measurements have a high time resolution
of 15 s, but the GIM TEC data only have a time resolution
of 2 h. Therefore, the 2 h average EUV26–34 calculated for
each day in each pixel are used. However, the F10.7 data
utilized are of poorer time resolution (1 day) than the
GIM TEC data utilized. Therefore, the 1 day mean GIM
TEC decomposed coeﬃcients calculated for each day in
each pixel are used. For the set of N measurements of the
quantity X in the solar activity indices and the quantity
Y in the GIM TEC data, the Pearson product–moment
correlation coeﬃcient is calculated by

k2Z

and the reconstruction of the original signal A0 uses a
discrete dyadic wavelet transform. The calculation can then
be performed by

PN

i¼1 ðX i  X ÞðY i  Y Þ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ;
RðX ; Y Þ ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
PN
PN
 Þ2
 Þ2
ðX

X
ðY

Y
i
i
i¼1
i¼1

ð6Þ

214

L. He et al. / Advances in Space Research 50 (2012) 211–220

where an overbar on a quantity in Eq. (6) denotes the mean
of the N values. The linear correlation coeﬃcient is a measure of how strongly a variation in X results in a variation
of Y. A perfect correlation is R = 1, a complete anticorrelation is R = 1, and uncorrelated data yield is R  0. If
there arepNﬃﬃﬃﬃdata points, the p
uncorrelation
is consistent with
ﬃﬃﬃﬃ
jRj 6 2= N , while jRj > 2= N represents a correlation at
the 95% conﬁdence level (Borovsky et al., 1998; Bendat
and Piersol, 2010).

and the concentration of the analyte signal would be underestimated. In contrast, too much decomposition would
result in an excessively low estimation of the background
and a large error. The proper decomposition number could
be determined by a visual inspection of the processed TEC
signal. In this study, the appropriate decomposition number was found to be 6 according to the practical behavior
of the solar radiation background in ionospheric TEC.
4.3. Elimination of nonlinear backgrounds

4. Results
4.1. Selection of the wavelet base
There are many diﬀerent wavelet families up to the present. An important aspect of selecting wavelet is to choose a
wavelet with more vanishing moments than the polynomial
order of the signal being analyzed. The physical meaning of
vanishing moments can be considered as a convergence
rate by which the wavelet function approximates a signal.
Therefore, the vanishing moments of a wavelet have a signiﬁcant impact on signal feature extraction. Another
important aspect of the choice of a wavelet is the support
length. The narrower the compactly supported width or
the faster the decay is, the better the localization property
of the wavelet. In this paper, the Daubechies wavelets were
tested for the ability to eliminate background. It should be
stressed that there are an enormous number of possible
wavelet bases. The Daubechies wavelets are smooth,
orthogonal, and compactly supported (Daubechies,
1992). For the dbN wavelet, the number of vanishing
moments of w is N, and the support length of w is
2N  1. The greater the order N of the wavelet function
is, the stronger the ability to reﬂect the details of the high
frequency of the signal. In background removal, we are
more concerned about the low frequency components of
ionospheric TEC signal, thus it is not required that N is
especially high. In addition, the compact support in ﬁxed
intervals and a suﬃcient order of vanishing moments
should be met to analyze the TEC signal eﬀectively when
selecting the wavelet base to remove the background.
Therefore, the popular db3 wavelet is a good choice for
low-frequency signal extraction such as the TEC variation
signal from solar radiation. Through the above analysis,
the db3 wavelet has been chosen as the wavelet base in this
work.
4.2. Inﬂuence of the decomposition number
Once the wavelet function for background removal is
decided, the optimal decomposition level should be determined to obtain the best background removal eﬀect. With
the increase in decomposition number, the analyte signal
contribution was gradually excluded from the ionospheric
TEC. If the number was too small, the background would
involve too much information from the analyte signal. This
is to say that the background would be over-subtracted,

The above-mentioned approach was applied to the GIM
TEC dataset. Fig. 2(a) shows the original GIM TEC of the
epicenter pixel from 26 January to 11 March, 2011. It can
be seen that the TEC data are aﬀected by the background.
From Fig. 2(b)–(h), it can be observed that the original
TEC is decomposed into high frequency contributions
(details Dj (j = 1, . . . , 6)) and low frequency contributions
(approximation A6 ). It is clear that the information from
the ionospheric TEC oscillation is decomposed into the
Dj’s, and that A6 represents the solar background variations. Therefore, if we reconstruct the TEC from the Dj’s
components only, we will obtain the TEC without the
background eﬀect. Fig. 2(i) shows the reconstructed signal
of the TEC. The background is subsequently subtracted
from the original TEC, and the net analyte signal is thus
created.
In order to gain further insight into the ionospheric perturbations around the globe, an analysis of all the pixels in
the GIMs was conducted. Each GIM covers ±87.5 latitude
and ±180 longitude, with spatial resolutions of 2.5° and 5°,
respectively. Therefore, each map consists of 5112
(=71  72) grid points. For each pixel of the GIMs within
the examined period, we repeat the above process, and then
the net GIMs without the eﬀect from solar radiation are
obtained.
4.4. Evaluation of the results
4.4.1. Correlation of the epicenter pixel
The proposed approach was also evaluated by the solar
activity measurement indices EUV26–34 and F10.7. Here, we
take the epicenter pixel of GIMs as an example to illustrate
feasibility. Fig. 3 shows the time series of solar indices
EUV26–34 and F10.7, the decomposed TEC approximation
(TECA6) and the correlations between the TECA6 and the
two solar indices. Comparing Fig. 3(a) with (b), it is evident
that the variations of the wavelet’s 6th-order approximation are similar to the EUV26–34 and F10.7. In contrast to
the variation of the EUV26–34 and F10.7, the decomposed
TECA6 increased more than 2.6-fold (from 7.1 TECU to
18.5 TECU) during the same observation period. We can
also note that, on the increasing phase, TECA6 and the
two solar indices are very close. The recovery phase shows
the diﬀerence, about 2–3 days of ionosphere reaction delay
in comparison with EUV26–34 and F10.7, which is corresponding to the conclusions of Afraimovich et al. (2008).
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Fig. 2. (a) The original TEC over the epicenter of the Tohoku earthquake. (b–h) Details (D1–D6) and approximation (A6) of the original TEC from a sixlevel multiresolution wavelet transform using the db3 wavelet. (i) The reconstructed TEC signal after removing the background.

We further demonstrate the Pearson correlation analysis as
mentioned above to evaluate the relations between TECA6
and the two solar indices. It can be seen that the trends of
the two solar indices and TECA6 are very similar, which
means that the relationship between the variables is a
highly linear correlation. As shown in Fig. 3c, the linear
correlation coeﬃcient between TECA6 and F10.7 reach
0.9157, and the linear correlation coeﬃcient between
TECA6 and EUV26–34 is the similar up to 0.9061. Therefore, the nonlinear inﬂuence from solar radiation at the
monthly timescale can be eﬃciently removed through the
MWT-based method by eliminating the wavelet’s 6th-order
approximation.
4.4.2. Correlation of global pixels
To check if the correlations between the two solar indices
(EUV26–34 and F10.7) and TECA6 are signiﬁcant all over the

globe, a spatial analysis is conducted. Fig. 4 presents the
global correlation coeﬃcient map during the examined time
period. It can be seen that the extracted solar background
has remarkable positive correlations with both the two solar
ﬂux indices in most regions around the globe. Therefore, the
method presented in this paper can be used to remove the
background in the ionospheric TEC induced by solar
radiation variations. It is noteworthy that there are slight
negative correlations between the extracted background
and the two solar ﬂux indices in the Antarctic region.
5. Comparison with the traditional method
A considerable amount of research has been devoted to
the study of the ionospheric anomaly variabilities due to
seismic activities. Such studies are of great importance
for the link between the ionosphere anomalies and
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(a)

(c)

(b)

Fig. 3. (a) Solar activity time series of EUV26–34 and F10.7. (b) Decomposed TEC variation TECA6 time series of epicenter pixel of the Tohoku earthquake.
(c) Comparison of the TECA6 and F10.7 (in red color), and the TECA6 and EUV26–34 (in green color). (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 4. The global correlation coeﬃcients between the extracted solar background (TECA6) and the measured solar activity indices during the examined
time period. Top: F10.7 and TECA6; Bottom: EUV26–34 and TECA6. (For interpretation to colours in this ﬁgure, the reader is referred to the web version of
this paper.).

earthquakes. However, little attention has been devoted to
removing the eﬀect from solar radiation variation. These
studies may have been more reasonable if this situation

had been considered. With the Tohoku earthquake being
an example, this paper aims to illustrate the importance
of the presented method. Current method developed by
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Liu et al. (2009, 2011) has been widely utilized in
seismo-ionospheric anomaly analysis. Fig. 5 displays grid
points with extremely enhanced diﬀerences obtained by
the traditional method occurring from 0000 UT to 2200
UT on 8 March 2011, which indicates that the solar radiation background blurs the analytical TEC signals. The ionosphere was disturbed at a global scale during the period
0000–2200 UT on 8 March 2011. Fig. 6 demonstrates the
improved results obtained by the new method at the same
time period on 8 March 2011. It can be observed that the
strong background in the global scale can be removed quite
well after the preprocessing by the MWT-based method. In
fact, the GIM TEC under study was enhanced signiﬁcantly
in an area of approximately 15° in latitude and 60° in longitude around the epicenter during the afternoon periods of
day 3 (8 March 2011) before the Tohoku earthquake.
Because 1° corresponds to about 110 km in latitude and
95 km in longitude, the TEC anomalous size of the Tohoku
earthquake is approximately 1650 and 5700 km in the latitudinal and the longitudinal directions, respectively.
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reveal the ionospheric anomalies probably associated with
the Tohoku earthquake. It is found that there were
pronounced enhancements appeared on 8 March 2011,
3 days before the shocking. The main properties of the
TEC anomaly variations that occurred on 8 March 2011
are displayed in the Fig. 6, and can be summarized as
follows,
(1) The ionospheric perturbations have localization features. The grids of extreme maximum increments of
TEC appeared mainly around the epicenter and the
conjugate region during the whole observation period, and there was no other obvious increment on
global scale.
(2) The position of the ﬁrst occurrence, the position of
extinction, and the dynamic development process of
ionospheric perturbations have nice spatial correlations around the epicenter throughout.
(3) The appearance time of the peak value of ionospheric
perturbations has regularity, centered at approximately 0400–1000 UT (1300–1900 LT).

6. Discussion and conclusion
In the condition of strong solar activity, we proposed a
novel method for ionospheric TEC data preprocessing to

All these characteristics generally agree with the previous
studies in Asia (Liu et al., 2000, 2004b, 2006, 2009; Chen
et al., 2004; Zhao et al., 2008; Kon et al., 2011). In addition,

Fig. 5. The extreme enhancements extracted by the traditional method in each grid point of the 30-day period that appeared from 0000 UT to 2200 UT on
8 March 2011. The color denotes the diﬀerence of the TEC observed on 8 March 2011 from the 1–15 previous days’ moving median. The red star shows
the epicenter (38.32°N, 142.37°E) of the Tohoku earthquake.
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Fig. 6. As Fig. 5, but for the extreme enhancements extracted by the method presented in this paper. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

similar enhanced anomalies in the afternoon period of 8
March 2011 (3 days before the earthquake) in the GIM
TEC are also observed by Xu et al. (2011). They pointed
out that the giant positive disturbance was possibly associated with the impending disastrous earthquake and contributed from the enhanced solar radiation. It means that the
ionospheric TEC anomalies appeared on March 8, 2011
induced by seismic activity are confused with rapid ﬂuctuations due to solar activity. However, they only analyzed the
anomaly by qualitative analysis, and did not gain further
insights into the quantitative analysis of the TEC
anomalies. The aim of this paper is to provide a potential
solution of this problem partially. Meanwhile, to exclude
other possible activities that induce ionospheric disturbances, we examined the geomagnetic conditions around
8 March 2011. There was a short period of quiet geomagnetic activity from 3 March to 10 March. Therefore, the signiﬁcant anomalies on 8 March 2011 are unlikely to be
resulted from geomagnetic storms, and are most likely
related to the 11 March 2011 M9.0 Tohoku earthquake.
It is worth noting that there was a M7.2 earthquake
occurred on 9 March 2011 approximately 40 km from the
11 March earthquake. The unusual changes of ionospheric
TEC might be also the anomalies of the M7.2 earthquake.
At present, it is very diﬃcult to separate the anomalies

induced by the two large earthquakes due to their short time
interval.
The paper only focuses on demonstrating the method
for ionospheric data preprocessing to extract the anomaly
variations associated with earthquakes. We do not intend
to discuss the physical mechanisms of the seismo–ionospheric eﬀects in this paper. The detailed aspects of the possible physical mechanisms were described in many excellent
research articles (Park et al., 1993; Molchanov et al., 2004;
Namgaladze et al., 2009; Pulinets, 2009; Pulinets and
Ouzounov, 2010).
The results in this work showed that the MWT-based
method could handle the solar radiation background in
the ionospheric TEC, and it requires no prior knowledge
about the solar radiation particle composition, no selection
of suitable background correction points, and no mathematical assumption of the background distribution. The
proposed procedures were illustrated by processing an
earthquake that occurred during a period of increasing
solar activity, to be an eﬀective and practical tool for
background elimination in seismo-ionospheric data analysis. In addition, the MWT-based method can be performed
not only for studying ionospheric perturbations of seismic
origin but also for other local events, such as typhoons,
volcanic eruptions, and anthropogenic eﬀects.
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