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Abstract. The geomagnetic observatory of Juriquilla 1 Introduction

Mexico, located at longitude —100.4%nd latitude 20.7Q

and 1946ma.s.l., has been operational since June 200Qifferent reports of electro-magnetic (EM) anomalies
compiling geomagnetic field measurements with a threeassociated with earthquakes encompass a large frequency
component fluxgate magnetometer. In this paper, the'ange, ranging from quasi-dc to Megahertz. These anomalies
results of the analysis of these measurements in relation t@re associated with EQs which typically occur during, but
important seismic activity in the period of 2007 to 2009 are Sometimes prior to, seismic activity. Such anomalies have
presented. For this purpose, we used superposed epochs en reported for several decades (Parrot and Johnston, 1989;
Discrete Wavelet Transform of filtered signals for the threeJohnston, 1997; Kushwah, 2009). For example, at the low
components of the geomagnetic field during relative seismicend of the frequency range, Johnston and Mueller (1987)
calm, and it was compared with seismic events of magnitude§oticed magnetic field offsets coinciding with the 1986
greater thanMs > 5.5, which have occurred in Mexico. North Palm Springs earthquake, which occurred in Southern
The analysed epochs consisted of 18 h of observations for &alifornia close to the San Andreas Fault. Johnston et
dataset corresponding to 18 different earthquakes (EQs). Thal- (1994) also observed magnetic offsets of the rupture
time series were processed for a period of 9 h prior to and 9 inechanism during the 1992 Landers earthquake in the same
after each seismic event. This data processing was compard@gion. At the high frequency end, radio emissions of
with the same number of observations during a seismic calm18 MHz were recorded on multiple Northern Hemisphere
The proposed methodology proved to be an efficient toolreceivers for approximately 15 min before the great Chilean
to detect signals associated with seismic activity, especiallyearthquake in 1960 (Warwick et al., 1982).

when the seismic events occur in a distanfd from the Geomagnetic phenomena, especially in the ULF range
observatory to the EQ, such that the rafigp < 1.8 wherep have attracted scientific interest resulting in more articles
is the earthquake radius preparation zone. The methodologeing published on this topic (Smirnova et al., 2004,
presented herein shows important anomalies in the Ultra Lowberita et al., 2005; Kushwah et al., 2009). The EM
Frequency Range (ULF; 0.005-1Hz), primarily for 0.25 anomalous signals in the ULF range have been observed
to 0.5Hz. Furthermore, the time variance?] increases before a series of destructive earthquakes in different highly
prior to, during and after the seismic event in relation to populated regions around the globe.  Fraser-Smith et
the coefficient D1 obtained, principally in the Bx (N-S) and al- (1990) recorded anomalous magnetic field fluctuations
By (E-W) geomagnetic components. Therefore, this paperior to the earthquake in Loma Prieta in central California
proposes and develops a new methodology to extract then 17 October 1989Ms=7.1). In particular, they claim

abnormal signals of the geomagnetic anomalies related téhat there was an amplitude increase of geomagnetic activity
different stages of the EQs. for approximately two weeks prior to the main shock.

This perturbation continued until an even larger-amplitude
increase that began three hours before the main shock.
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to the EQ in Spitak, ArmeniaMs=6.9), on 7 December (8th order) and splines (4th order) to determine anomalous
1988 (Molchanov et al., 1992; Kopytenko et al., 1993). geomagnetic activity two days before the occurrence of the
Furthermore, anomalous emissions related to the Guanhoma Prieta EQ Ms= 7.1) (San Francisco, 18 October
EQ, were observed two weeks prior and then again a fewl989), the distance to the testing stations was approximately
days before the main event on 8 August 1993; & 8.0) 300 to 1000km. The authors detected an increase in
(Hayakawa et al., 1996). Recent studies in the ULF rangegeomagnetic activity as little as 5 h prior to the main seismic
reveal a possible connection between the impact of theshock. However, this and other works (Johnston et al., 1997;
earthquake preparation process and ionospheric resonan&@wate et al., 1998; Kushwah et al., 2009) focused on a
phenomena prior to crustal rupture (Grimalsky et al., 2010). single seismic event, which limits the scope of their findings.
The primary advantage of ULF electromagnetic emission In this research, 18 seismic events were analysed by
is that it can circulate just below the crust of the estimating the D1 coefficient with the DWT method. The
Earth’s surface without any significant attenuation if they variance is utilized in order to measure the fluctuations of D1
are generated at typical earthquake nucleation depths ajeomagnetic signals. Also, a comparison between the epochs
approximately 10 km (Serita et al., 2005). EM ULF signals of seismic and magnetic field activity with respect to seismic
were shown to be in the range of 0.005-1 Hz (Kopytenko etcalm periods is presented herein. The background magnetic
al., 1993) and can be observed as a combination of severdield observations correspond within the earthquake radius
physical phenomena, namely: (1) geomagnetic activity ofpreparation zonep), as has been stated by Dobrovolsky
the magnetosphere, for example geomagnetic storms caused al. (1979) wherg = 10°43"s km when M5 is the given
by the solar activity; (2) man-made noise; and (3) and othemmagnitude of the earthquake. The data analysis corresponded
effects such as seismo-magnetic emissions (Serita et altp geomagnetic time series and EQ events of magnitude
2005; Hayakawa et al., 2008; Ida et al., 2008). Therefore,Ms> 5.5 that occurred during the period from 2007 to 2009.
a key issue of a study of ULF anomalies is to discriminate The characteristics of the seismic events are presented in
signals related to EQs from signals of other origin. Different the Table 1. This table is organized according to fhé
methods have been proposed to solve this problem, suchatio wherebD is the distance between the seismic event and
as the polarization analysis of EM waves (Kawate et al.,the Juriquilla observatory, where the data was recorded and
1998; Kotsarenko et al., 2004, 2005; Hayakawa et al., 2008)analysed.
fractal and multi-fractal analysis (Hayakawa et al., 1999;
Gotoh et al., 2003; Smirnova et al., 2004; Kotsarenko et2 Dataset
al., 2004, 2005, 2007); the Principal Component Analysis
(PCA) (Hattori et al., 2004; Kotsarenko et al., 2005); The analysed geomagnetic data was recorded at the Juriquilla
location of the area of seismogenic geomagnetic disturbancestation, localized in Central Mexico, with geographic
(Ismaguilov et al., 2001; Kopytenko et al., 2001); and coordinates longitude —100.4%nd latitude 20.7Q and
signal/noise discrimination by using the transfer functions1946 ma.s.. The fluxgate magnetometer measured the
(Harada et al., 2004), among others. All the above-3 mutually orthogonal components of the magnetic field Bx,
mentioned methods are applied to improve the detection oBy, and Bz. The first two correspond to the two horizontal
the ULF signals associated with seismogenic phenomenéN-S and E-W) components, while the later corresponds
at different frequencies (Hayakawa et al., 2008), and toto the vertical component. The sampling rate frequency
the understanding of electromagnetic phenomena associated the instrument is 1Hz, with a GPS system used for
with tectonic and volcanic activity. data synchronization. The acquired time series of the three
In this paper, ULF signals applying the Discrete Wavelet components of the magnetic field, which were considered for
Transform (DWT) method are analysed, which has proventhe 18 events, comprise 9 h before the occurrence of the main
to be an efficient tool for transient signal analysis to seismic event up to 9h after it. For comparison purposes,
assess time shifting frequencies related to magnetic fieldandom analyses during periods of seismic calm were used.
offsets associated with rupture mechanisms in a wide rangén order to discriminate the geomagnetic activity of the
of applications (Alperovich and Zheludev, 1997; Millan- magnetosphere due to the solar activity and cultural noise
Almaraz et al., 2008). The EQ signals are superposed pulseall the data series were compared to the Dst index as found
or bursts within certain carrier frequencies regarded as then the Kyoto observatory webpage. The Hourly Equatorial
background field, which theoretically can be extracted onvalues are in between —21 and 8nT during the analysed
the basis of the DWT approach, known to be effective for period; see Table ftp://wdc.kugi.kyoto-u.ac.jp/dstd)t/
this purpose. The DWT methodology can provide relevant
information related to the time position and time offsets; 3 piscrete Wavelet Transform method (DWT)
between the perturbed ULF signals using and the background
field through finite impulse response (FIR) filtering. The The DWT is an alternative signal processing method
work of Alperovich and Zheludev (1997) takes advantagefor transient state analysis and new perspectives and
of this methodology using the wavelet types of symmletsadvantages must be better quantified, this yields relevant

Nat. Hazards Earth Syst. Sci., 10, 253364 2010 www.nat-hazards-earth-syst-sci.net/10/2557/2010/


http://wdc.kugi.kyoto-u.ac.jp/dstdir/

O. Chavez et al.: ULF geomagnetic signals associated with seismic events using DWT 2559

Table 1. Earthquakes occurred in Mexico during 2007—2009 selected for this analysis. Year/month/day/hour/min are: the exact time of the
EQ (Local Time); Latitude and Longitude: the geographic coordinates of the epicentre, magnitudes and depth: magnitude and depth of the
EQ, Distance: the distance between the epicentre and Juriquilla sjatisrthe radius of the EQ preparation zone estimated by Dobrovolsky
equation. The EQ magnitudes are presented in bold.

Event Year Month Day Hour Min Longitude Latitude Magnitude, Depth, Distance, p, Distanceb

Mg km km km
1 2007 4 13 00 42  -100.44 17.09 6.3 41 401 512 0.78
2 2007 11 26 11 41  -93.36 15.28 5.6 9 259 256 1.01
3 2008 9 23 21 33 -105.16 17.16 6.4 42 634 565 1.12
4 2008 4 27 19 06 -100.01 18.05 5.6 52 296 256 1.16
5 2009 5 22 14 24  -98.44 18.13 5.7 45 360 282 1.28
6 2007 11 6 00 35 -100.14 17.08 5.6 9 403 256 1.57
7 2008 10 16 14 41  -925 13.87 6.6 23 1132 689 1.64
8 2008 2 12 06 50 -94.54 16.19 6.6 20 1142 689 1.66
9 2007 7 5 20 09 -941 16.9 6.2 100 790 463 1.71
10 2007 6 13 14 29 9143 13.26 6.6 20 1267 689 1.84
11 2007 9 1 14 14  -109.53 24.33 6.3 20 1014 511 1.98
12 2009 5 3 11 21 -91.89 14.53 5.9 77 1136 344 3.30
13 2007 3 12 20 58 -110.92 26.46 5.8 16 1245 311 4.00
14 2008 1 4 19 56 —92.12 13.83 5.6 63 1033 255 4.05
15 2008 3 13 17 01 -93.87 14.17 5.5 16 1004 231 4.35
16 2007 3 28 08 28 -109.61 25.43 5.5 10 1084 231 4.69
17 2009 6 3 16 37 -109.22 19.72 5.6 7 1298 255 5.09
18 2008 2 9 01 12 -115.12 32.34 5.5 10 1943 231 8.41

Table 2. Dst Index obtained from Kyoto observatory web page corresponding with the 9 principal events analysed.

Event Hourly Equatorial Dst Values (nT)
Number
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tools to search for localized perturbations shadowed by
the noise background (Alperovich and Zheludev, 1997).
The capability of the DWT to examine the time-frequency Table 3. DWT decomposition bandwidths in Hz for a sampling
evolution of a signal makes it a useful tool for the analysis of frequencyfs=1Hz.

noisy signals with time shifting frequencies (Millan-Almaraz

et al., 2008). Level Approximation (An) Detail (Dn)
o . . 1 Al:0-0.25Hz D1:0.25-0.5Hz
3.0.1 Definition and implementation 2 A2: 0-0.125 Hz D2: 0.125-0.25 Hz
3 A3: 0-0.0625Hz D3:0.0625-0.125Hz

The Continuous Wavelet Transform (CWT) consists of the
convolution between a signal(r) and a mother wavelet
function v (¢) defined by Eq. (1) (Kaiser, 1994). The CWT
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involves a time scale decomposition @fz), related to f1
the frequency where represents a time shifting of the

wavelet basis function (r) acrossx(¢z). The second part
of the CWT involvess and it is defined agl/frequency
and corresponds to frequency information. Scaling either
expands or compresses a signal (Mallat, 1999).
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The DWT implementation is based on Mallat algorithm
using a bank of FIR filters connected in cascade for signal

separation by definition levels (Mallat, 1999). Based on the‘:‘zz 0 f_\_\_\_\—\f e
Nyquist theorem, the sampling frequenfymust be at least <

tv_vice as large as the highest frequengycontained in the = '10 2 40 60 80 100 120 140
signal as stated in Eq. (3). Time (Seconds)
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and a high pass filter (HPF) in parallel, with bandwidths of 5 | A
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Frequency (HZ)

[0 to fc/2] and [fc/2 to fc], respectively. Each filtering 0 005 01
stage reduces the number of samples by half to obtain the
approximation coefficients Al corresponding to LPF [0 to
fc/2] and detail coefficients D1 for the HPF/2 to fc]. Fig. 1. Comparison between FFT Power spectrum and DWT time-
A new filtering stage is applied to the previously obtained frequency_ decqmposition analysis, for a synthetically generated
Al approximation coefficients in order to separate its ULF ransientsignal.
subsequent low and high frequency components generating
new coefficients, A2 for the frequency range [0 fg/4]
from the LPF and D2 for f;/4 to f./2] HPF, in the
Table 3 the DWT decomposition bandwidths in Hz for a disturbance only can be observed by applying the DWT and,
sampling frequency's=1Hz is observed. This process is also can be seen its correspondent amplitude for each level.
repeated in a recursive way to gather the remaining detail Applying the FFT tax(n) the power spectrum is obtained
coefficients. The DWT decomposition in bandwidths is madeas illustrated in Fig. 1f where the presence of the components
for a sampling frequency ofs=1Hz as is the case for the fi1, f> and f3 in frequency domain and its amplitude can
sampling frequency of the magnetometer used. be seen. However, for this purpose and by using this
In Fig. 1, a synthetically generated ULF transient signalmethodology it is not possible to determine the exact time
with a sampling frequency of 1 Hz is shown, in which three at which an specific frequency such #s appears. The
sinusoidal wave frequency componernts f», and f3 are disadvantage of the FFT power spectrum is that for noisy
considered. These components show a frequency and asignals, as the ones analysed here, several undesired noise
amplitude of 0.01Hz and 0.6 fof;, 0.2Hz and 0.1 forfs frequency peaks appear close to that of primary interest
and 0.4Hz and 0.4 foys. Note thatf; and f> are present (f3). In contrast, the DWT decomposition permits, with the
all the time butfs is present only for the duration between signals compiled, separating the original sign@l) into the
20 and 40 s and it appears again in the period of time betweedifferent frequency components and permits us determine the
80 and 90s. This implies that the time position of the time where a specific frequency appears.
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3.0.2 DWT based geomagnetic wave analysis o2 is the time variance at detail level D&,and b are the
lower and upper limits for the region of interest (n) is

The proposed methodology consists of applying the DWTthe input sequence at the detail level anig the mean value
time-frequency decomposition to geomagnetic signals, inof yp_(n)
a superposed epoch analysis; periods of seismic calm and L
periods of seismic activity are analysed. This considers 2 _ { -~ 2}
different distances from the epicentre of the EQ to the(7 b—aZ [yoL () =317 - @
observatory.  Also, several geomagnetic signals during
seismic calm periodsWs < 4.5) were selected and compared
using the same procedure to test the background noise levek Results and discussion
Several experimental DWT runs were carried out using
different wavelet mother functions and many DWT filtered In Fig. 3, it is shown the superposed wavelet signals (D1)
levels on the three components of the earth geomagnetifor epochs of 9 seismic events with different geographical
field. After the experimental runs it was found that locations, for each of the three components of the magnetic
Daubechies 1 (DB1) wavelet function generates the besfield (three columns), and where the main seismic shock is
results enhancing correlation with associated seismic eventshown with a white arrow. The Fig. 3a (upper three plots)
in nine of the 18 EQs analysed. The other 9 events did noshows preseismic and postseismic perturbations associated
show good correlations. Those events correspond with thevith EQs of magnitudeMs > 5.5 and Dobrovolsky ratio of
D/p ratio greater than 1.8. As a result, D1 was identified D/p < 1.8 (encircled spikes). Figure 3b shows the obtained
as the best coefficient for gathering seismic information.results for the 9 EQs of magnitudés > 5.5 but with a larger
However, D2, D3 and A3 (see Fig. 2) were also consideredthan 1.8 Dobrovolsky ratio. In Fig. 3c, the DWT (D1)
for the DWT decomposition of the ULF signals in order to for time series corresponding to seismically calm periods
explain the processes associated with seismic events for th@/s < 4.5) is presented, where no spikes are observed. The
different frequency bands, the principal problems observedsuperposed epoch analysis was performed on the basis of
is that statistically is lesser important in comparison with 9h before and 9h after each seismic event in all cases,
the D1 variance. The problem is also associated with theconsidering the time 0, the specific time of the occurrence
frequency data sampling, in future works the principal aim of the EQ. For the case that the rati®yp > 1.8 (Fig. 3b)
of this investigation is to have a system that can compiles theonly the Bz component shows scattered spikes, but there is
information above the 1 Hz frequency. no apparent relation with the main shock. The third case

In Fig. 2, a detailed comparison between FFT spectrum(Figs. 3c) is used for comparison purposes; in this case the
(Fig. 2f) and DWT time-frequency decomposition (Fig. 2a— signal processed for all the period range remains undisturbed
d) is presented, where both the seismic calm signals (left-sidén the absence of seismic activity.
plots) and the seismic activity signals (right-side plots) canbe In Fig. 4, the statistical significance of the DWT
observed. Notice the occurrence of one peak prior to (Pretransforms for the three components (a, b and c¢) and
seismic event zone) and another after the main shock (Posbr the three cases discussed above is presented. The
seismic event zone). In the Fig. 2a the original ULF signalsresults correspond to running D1 data windows each of
for seismic calm and activity, respectively, are presented]1024 samples. As observed, there are significant variations
followed by DWT signal decomposition into D1, D2, D3 of 2 for the three components, being the first cage ¢ 5.5
and A3 filter output signals, where an amplitude increase inand ratio D/p < 1.8) that provides statistical significant
the seismic activity signals can be observed. For comparisoperturbation that could be associated with the occurrence of
the FFT spectrum in frequency domain is presentedfiy ( the EQs. It is observed that the’ increase before, during,
where no significant differences in D1, D2 or D3 zones canand after the seismic event primarily on Bx (a) and By (b),
be seen. Only the Bx component analysis is presented heréut also on Bz (c). During the main shock is showed that
Components By and Bz are discussed later in the text. Fronthe o is close to the mean value of a seismic calm analysis.
this comparison, it can be established that the DWT methodn this case, D1 (0.25-0.5 Hz)? value presents the highest
with D1 filter level allows the observation of ULF signal difference between seismic calm and seismic activity filtered
perturbations that can be associated with seismic eventsignals. The Bx geomagnetic component shows maximum
According to example of Fig. 2, that corresponds to event 3variance in three different time ranges with respect to the EQ
(Table 1), magnetic perturbations occur about 2 ard@*s shocks: 8.5-4.5h before, between 2 h before and 2 h after
(about 8 h) before the main shock and about 1 to1®*s and from 2.5 to 4.5 h after the main EQs. The By component
(about 5.5h) after it. These perturbations are remarked byesults are in Fig. 4b, and show also important variance for
open circles. the first caseMs > 5.5 and Dobrovolsky ratio ab /p < 1.8),

To evaluate the significance of the results, a statisticahowever of lesser differences. For both components, the
analysis to all DWT (DB1) signals based on variance signal suddenly falls considerably around the main EQs.
calculation algorithm defined by Eq. (6) is performed. Here, Finally, the Bz component results are shown in Fig. 4c,

n=a
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x10™ 5 Conclusions

— D;’p< 1.8 Ms > 5.5
—— D/p>1.8Ms>55
Ms < 4.5

Preseismic
zone

A methodology that was applied to the geomagnetic
data acquired at Juriquilla station is described herein.
R s Three geomagnetic field components behaved in different
ol ways. Signals associated with seismic events data are
reported, and the observation time depending on the
particular geomagnetic component is analysed. Accordingly,
the proposed signal processing methodology consists of
applying a detail level 1 DWT filter using a DB1 wavelet
mother function to the existing data in order to obtain
frequency components. This corresponds to associated
seismic anomalies of the geomagnetic signal within the
predetermined favourable frequency range, namely, 0.25—-
e A0 0.5Hz. Furthermore, these investigators have information
% —a D/p<18Ms>55 regarding other bandwidths; however, these possess less
—— D/p>18Ms>55 statistical basis. In the analysed frequency, variance
: M= increases prior to, during and after the seismic event by using
. e BT the coefficient D1 as is observed primarily in the Bx and
{b) By geomagnetic component. These indicate an important
statistical complement of the methodology. Within this
range thes? is more informative than the other bandwidths
analysed; the differences principally were observed and
e reveals that the geomagnetic anomalies in the ULF range
. o idedt MRS e are within D/p < 1.8. In this case, it also indicates that
0 8 s 4 2 o 2 a4 & 8 10 relevant information can be obtained from a distance of
Time {Hours) approximately 790 km from the testing station. Furthermore,
anomalies in EM signals appeared within the DWT filtered
; signals corresponding to events having the characteristics of
b o D/pSLE M5 D/p <1.8 andMs > 5.5. Such signals can be associated
’ i with the seismic processes as has been reported by other
5 investigators. They typically occur during, but sometimes
prior to seismic activity, and after the preparatory phase of
earthquakes within this ratio. According to the results, this
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(c)

3 methodology can extract the abnormal signals in the ULF
, range of the EM anomalies related to different stages of the
Y P, EQ preparation, in a ratio that depends of the magnitude.
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