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Abstract

The ultra-low frequency (ULF) magnetic field data at a station very close to the 2008 Sichuan
earthquake (EQ) (on 12 May, 2008; M = 8.0) are extensively studied on the basis of combined sta-
tistical and natural time analyses. Two effects in ULF are treated: one is the well-known ULF radia-
tion from the lithosphere, and the other is the non-conventional depression of ULF horizontal
magnetic field. The simple statistical analysis has yielded: 1) no clear evidence of the presence of
precursory ULF radiation, and 2) a significant effect of depression of ULF horizontal field a few
days before the EQ (as a signature of ionospheric perturbations). The recently introduced natural
time analysis has also been performed in order to study the critical features of the lithosphere and
essentially new information has been brought about. The parameter “polarization”, as the ratio of
vertical to horizontal components, showed critical features in the time period of 17 - 27 April,
about one month to two weeks before the EQ as a signature of lithospheric radiation. Then, the
natural time analysis has reconfirmed the presence of ionospheric perturbations a few days be-
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fore the EQ, together with an additional time window found on 19 - 23 April, about one month be-
fore the EQ, exhibiting critical features in the ULF depression.
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Precursor

1. Introduction

There has been a lot of evidence accumulated during the last few decades on the presence of electromagnetic
phenomena associated with or prior to earthquakes (EQs), and such seismo-electromagnetic effects are consi-
dered to be promising for short-term EQ prediction (e.g., [1]-[3]). It is found that there are two different kinds of
electromagnetic precursors: one is direct radiation in different frequency bands from the EQ hypocenter (or epi-
center), and the other is seismo-atmospheric and -ionospheric perturbations (i.e., pre-EQ perturbations of the
atmosphere and ionosphere) (e.g., [4]-[7]).

Some of the electromagnetic precursors are found to be statistically correlated with EQs. Such an example is
the ionospheric perturbation in the lower ionosphere by means of subionospheric VLF/LF propagation anoma-
lies [8] and also in the upper ionosphere on the basis of ionosonde observations etc. [9]. However, statistical
studies for any other electromagnetic precursors are still highly required [10].

Besides the above statistical studies, case studies for any particular EQs are still of great importance in study-
ing the whole view for seismo-electromagnetic effects. An example of these case studies is the 1995 Kobe EQ
[11], in which the results from different observational items were collected and compared. In this paper, we take
the 2008 Sichuan EQ as an example, and we make use of the ULF magnetic field data for this EQ. As already
described in Li et al. [12], there have been several papers published on electromagnetic precursors to this EQ,
but the main phenomena were the ionospheric perturbations observed from the ground- and satellite-based mea-
surements. As compared with various electromagnetic and plasma anomalies in association with this EQ, the
analysis of ground-based ULF magnetic field changes is very rare (details are given in [12]), which is the topic
of this paper.

When using the ULF magnetic field data, we can study two different aspects of ULF effects. The first is the
well-known lithospheric ULF radiation from the EQ hypocenter. Lithospheric ULF radiation has been observed
prior to large EQs, such as Spitak EQ [13] [14], Loma Prieta EQ [15], and Guam EQ [16]. A new non-conven-
tional effect in ULF was discovered by Schekotov et al. [17], which is vice versa of the first effect. That is the
depression of ULF horizontal magnetic field component before an EQ, which is explained in terms of the en-
hanced absorption of magnetospheric ULF waves through the perturbed lower ionosphere [18] [19]. These two
effects will be discussed together in this paper.

2. Description of the Sichuan EQ and ULF Data

The 2008 Sichuan EQ happened on 14:28:01 Chinese Standard Time (or 06:28:01 UT) on 12 May, 2008 in the
Sichuan province. Its magnitude was M = 8.0 and its depth was 19 km. The epicenter of this EQ is located at the
geographic coordinates (31°01'05"N, 103°36'05"E), which is shown in Figure 1 as the center of the largest circle.
This EQ is also known as Wenchuan EQ after its epicentral location in the Wenchuan county, Sichuan, but we
call it “Sichuan EQ” in this paper. The EQ epicenter was 80 km west-north of Chengdu, the provincial capital.
Strong aftershocks, some exceeding the magnitude 6, continued to hit the area even months after the main shock
as shown in Figure 1 by several circles.

Figure 1 illustrates the locations of two stations of observing ULF magnetic fields, Chengdu (abbreviated as
CDP) and Xichang (XIC) as black diamonds. The magnetometer at those stations is of the fluxgate type, and its
sampling frequency is 1 Hz.

3. Statistical Analysis
The observation of ULF magnetic field variations at CDP started in the beginning of January 2008, but the first
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Figure 1. Relative location of the EQ epicenters and two ULF
observation stations (Chengdu (CDP)) and Xichang (XIC)). The
epicenter of the 2008 Sichuan EQ is the center of the largest circle.
Other colorful circles are its aftershocks. The magnitude of the circle is
proportional to the magnitude, while the color reflects the EQ depth.

month was omitted due to a large level of industrial interferences, so that we have used a 5-month period from 1
February to 30 June, 2008 including the EQ date. The nighttime interval defined by LT =22hto02h (UT=1h
- 5 h) is utilized as the time when the noise level is low and maximum of expected effect of ULF depression is
usually observed. The minimal value of the magnetic field power averaged over a few 30-min overlapped inter-
vals is used, yielding one datum per day. This procedure was described in [12]. The frequency band is chosen as
0.005 - 0.01 Hz (5 - 10 mHz) after an extensive analysis of the possibility to detect ULF depression. This objec-
tive was less successfully achieved at higher or lower frequencies. Figure 2 is the analysis results at the station
of CDP. Top panel illustrates the temporal evolutions of seismic activity expressed by Kils as a function of EQ
magnitude and epicentral distance [1] and geomagnetic activity (Dst). The second and third panels illustrate the
temporal evolutions of horizontal magnetic field (H) intensity (in power) (Fy) and vertical magnetic field (Z) in-
tensity (in power) (F,). The fourth panel refers to the temporal evolution of the ratio of vertical to horizontal
component (P,,) [16] called polarization. The fifth panel refers to the inverse of horizontal component (Dy) in
order to try to find the depression of ULF horizontal component (second ULF effect), and the bottom panel re-
fers to the temporal evolution of dDep (by using the above Dy,) as the most promising parameter to find the ULF
horizontal field depression. The definition of oDep is given in [18], but we mention here that dDep is the ratio of
daily depression (Dy,) relative to its mean value for the previous 30 days to that mean value.

By using those ULF data, Li et al. [12] have performed the conventional statistical analysis and come to the
following conclusion.

1) There is no clear evidence on the presence of lithospheric ULF radiation.

2) A significant effect seems to be detected in the ULF horizontal magnetic field depression a few days before
the main shock on 12 May (as seen from the significant peak in 6Dep just before the main shock in the bottom
panel of Figure 2).

The conventional statistical analysis can be defined as a method to identify any extreme values, i.e., local
maxima or local minima. In other words, we try to find the value exceeding the 20 (o: standard deviation) cri-
terion or the value below the —2¢ level. When the value (either any one of Fy, F,, Dy or so) is found to lie
within the range of —2¢ - +24, we cannot say anything about the abnormality of the value. In all previous ULF
works [10] [13]-[16] [20], except ours [17]-[19], the researchers have dealt with this well-known lithospheric
ULF radiation, i.e., an increase in the power of ULF magnetic field components (Fy, F,). Further, the quantity,
called polarization [16] was suggested to distinguish seismogenic ULF from the space effect (geomagnetic
variation, ULF geomagnetic pulsations). Recently, Currie and Waters [21] have concluded based on the one-
year data analysis that this parameter of polarization is very insensitive to geomagnetic activity, so that they
have suggested this parameter to be well suited to identifying the seismogenic effect.
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Figure 2. Top panel illustrates the temporal evolution of seismic
activity expressed by Kls and geomagnetic activity (Dst) (in nT)
during our analysis period from 1 February to the end of June, 2008.
The largest Kls indicates the 2008 Sichuan EQ on 12 May. The second
and third panels illustrate the temporal evolutions of Fy, (horizontal
magnetic field) and F, (vertical magnetic field), where the power is
averaged over nighttime on each day. The fourth panel refers to the
parameter, polarization, P,,. The fifth and sixth panels refer to the
depression of horizontal magnetic field, D, and dDep, respectively.

However, we have to emphasize that there exists another non-conventional effect, that is, the depression of
horizontal magnetic field before an EQ as a signature of seismo-ionospheric perturbations [17] [18]. This effect
is unfortunately not well known to the scientific community yet. The finding of this non-conventional effect
makes it very complicated when we analyze the ULF magnetic field variations.

So, in the next section we use one of the critical analysis methods: natural time (NT) analysis to analyze the
critical features in the lithosphere and to find definite evidence of precursors, even though the statistical analysis
could not yield any definite conclusion on the presence of lithospheric ULF radiation. Additionally, we want to
re-confirm the presence of ULF magnetic field depression as found in [12].

4. Critical Natural Time (NT) Analysis
4.1. Parameters of ULF Magnetic Fields to Be Analyzed

The concept of NT analysis is suitable for time series data of point processes, including seismicity and DC
geoelectric potential. On the other hand, ULF variations are not a point process, but they are continuous in na-
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ture, so that we have to think of what kind of ULF parameters should be used for the NT analysis.

As the first step in order to convert the continuous ULF data to discrete data, we have used the averaged in-
tensity over the nighttime. The following ULF parameters (average value during the night on a particular day) as
already described above, are subjected to the NT analysis (e.g., [22] for the 2011 Tohoku EQ).

1) Horizontal magnetic field component, H component (power): F, = <H z

2) Vertical magnetic field component, Z component (power): F, = <ZZ>

3) Polarization: ratio of vertical to horizontal components: P,

4) Depression of horizontal magnetic field component: D, :]7/ H?

5) 6Dep: ratio of daily depression (Dy,) relative to its mean value for previous 30 days to the mean

The first three parameters (Fy,, F,, and P,;) are considered to be indicators of ULF emission from the lithos-
phere. The fourth parameter, Dy, is the inverse of the horizontal magnetic field component so as to pay extensive
attention to the changes in minimum values for investigating the depression of ULF waves (of magnetospheric
origin) observed on the ground as the ionospheric signature. The last parameter is dDep, which is defined as above.

4.2. NT Analysis Method

The transformation of a time-series of “events” from the conventional time domain to the NT domain is per-
formed by ignoring the time interval between events and retaining only its normalized order of occurrence [23].
So the kth event corresponds to a NT y, =k/N , where N is the total number of successive events. The “energy”
Q, of each event is also retained. Then the time series (,, Q) is studied. A system is considered to

2
approach criticality when the parameter &, ="' p, 72 —(ZL pk;(k) (P =Q / > Q, is the energy of kth
event normalized by the total energy) converges to x, =0.070 and at the same time both the entropy in NT,

Sy = ZL Pz In 7, —(ZL Py X )In (ZL pk;(k) and the entropy under time reversal, S, , satisfy the con-
dition S, S,_<S, = (In 2/2)—1/4, where S, stands for the entropy of a “uniform” distribution in NT [23] [24].

nt? nt—
The criticality is considered truly achieved when the following three conditions are also satisfied: i) the “av-
erage” distance (D) between the curves of normalized power spectra I1(¢) of the evolving seismicity and
the theoretical estimation of H(¢) for &, =0.070 is smaller than 1072, if) the parameter x, approaches
k; =0.070 “by descending from above™, and iii) since the underlying process is expected to be self-similar, the
time of criticality does not significantly change by varying the magnitude threshold. The threshold is chosen ar-
bitrarily and changed one after another, and then we look at the NT results. Of course, different threshold is used
for different parameters. It may be worth mentioning that these criticality conditions, including x; =0.070,
were not derived theoretically but empirically from computing «, values for well-known phenomena and ac-
tual data of seismicity in Greece.

4.3. Results of NT Analysis of ULF Parameters

We present here the results only at CDP because the period of useful data at another remote station of XIC in
Figure 1 is very limited and the recording there is characterized by bad data. First we summarize the NT analy-
sis results concerning lithospheric ULF radiation.

1) No criticality was observed for F,.

2) Fy showed criticality characteristics on 17 April, almost one month before the EQ, but only for one thre-
shold value.

3) P, indicates that criticality conditions are met for a large number of different threshold values within the
time period of 17 - 27 April. This parameter seems to provide the clearer results as the NT analysis variable.
Sample figures presenting the corresponding NT analysis results are given in Figures 3(a)-(d).

Next we move on to the results for the non-conventional ULF effect; ULF depression effect.

1) Dy indicates that criticality conditions are reached for a number of different threshold values within the
time period of 19 - 23 April. Sample figures presenting the corresponding NT analysis results are given in Fig-
ure 4(a) and Figure 4(b).

2) oDep showed criticality for some specific thresholds: (a) marginally on 6 May (only for the threshold 0.55,
see Figure 4(c)) and Figure 4(b) on 8 May (for the threshold 0.20, see Figure 4(d)).

Some explanations are required for these Figure 3 and Figure 4. We consider each daily value which is above a
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Figure 3. Natural time (NT) analysis result for P, during our analysis
period: (a)-(d) Temporal evolutions of the four natural time analysis

parameters x,, S,, S, ,and (D) for the different thresholds 0.10, 0.14,

0.20, and 0.28 (in arbitrary unit), respectively. Note that the events empl-
oyed depend on the considered threshold. Moreover, the time (x-) axis is not
linear since the employed events appear equally spaced relative to x-axis as
the NT representation demands, although they are not equally spaced in
conventional time.
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Figure 4. The same as in Figure 3, but (a) and (b) for Dy, and the threshold
values 1000 and 2500 (in au), respectively, as well (c) and (d) for 6Dep and
the threshold values 0.55 and 0.20 (in au), respectively. The explanation of
x-axis is the same as in Figure 3.

certain threshold as an event. So in our case, the energy of kth event Qy is considered to be equal to each one of

the above quantities (Fy, F; etc.). All the parameters («,, S, . S,._. (D) in Section 4.2) are calculated for the
time-series rescaled in the NT domain each time when a new event is added. Although the selection of thre-
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sholds is arbitrary, if criticality conditions are met in close dates for more than one of the considered threshold
values, then this is considered to be an indication of validity of the performed analysis, as satisfying the last cri-
terion mentioned in Section 4.2 (i.e., the time of criticality does not significantly change by varying the magni-
tude threshold).

5. Summary and Discussion

We have used the ULF data observed at CDP very close to the EQ epicenter (with epicentral distance of 80 km),
and nighttime data are utilized. The frequency band was chosen to be 0.05 - 0.01 Hz (5 - 10 mHz) after exten-
sive studies of spectral analyses in different frequency bands.

Based on a combined study of the results by both the conventional statistical and critical NT analyses, we
summarize first the findings for lithospheric ULF radiation.

1) The conventional statistical analysis has yielded no evident signature of lithospheric radiation.

2) But, the NT analysis has indicated that the parameter, polarization P,; showed critical features in the time
period of 17 - 27 April, about one month to two weeks before the EQ.

In the NT analysis, the nature of being self-similar is the most important factor for the critical features. The
analysis showed that time of criticality for P,;, does not change significantly by varying the threshold, so that the
result for P, is likely to be acceptable. The critical feature is considered to have taken place in the lithosphere
very close to the observation station (or the EQ epicenter). Lithospheric ULF radiation is known to be detected
within a rather small area with radius on the order of 100 km [20], so that this area was at a critical stage about
one month to two weeks before the EQ. Our finding that the criticality at CDP was not reflected in F,, but in Fy,
and P, may be explained by the relative position of the current source and observatory. Dynamic processes in
association with the pre-EQ microfracture can lead to the generation of current systems, even though the me-
chanism of electrification in the source region is not well understood [1] [25]. So we can infer that the source
current which was, at least, responsible for the seismogenic ULF radiation observed at CDP might have been
generated about 2 - 4 weeks before the 2008 Sichuan EQ in an area close to the station, CDP. The lead time in
this paper seems to be consistent with that of former works [20]. As the last point, we comment on a comparison
of amplitude with previous huge EQs like Spitak, Loma Prieta, Guam etc. When thinking about the magnitude
of this EQ (M = 8), we would have expected higher-amplitude ULF radiation, which is detectable even by the
simple statistical analysis, but this was not the case. Only the NT analysis has succeeded in detecting ULF radia-
tion, and this means that the ULF radiation was not so strong in amplitude for the 2008 Sichuan EQ, which is
worth thinking of this discrepancy in the future.

Then, we come to the conclusion of the non-conventional ULF depression effect as a signature of seismo-io-
nospheric perturbations.

1) The conventional statistical analysis has yielded that /Dep showed a clear peak a few days before the EQ.

2) The NT analysis has reconfirmed the presence of precursors in 6Dep a few days before the EQ, though not
exactly on the same day as in the statistical analysis.

3) The NT analysis has indicated additional critical features in the time period of 19 - 23 April, about one
month before the EQ.

Both the statistical and NT analyses have confirmed the presence of precursors in 6Dep a few days before the
EQ, so that these results are indicative of high probability of sDep (ULF depression) as a precursor to the EQ.
Because the ULF depression may be satisfactorily interpreted in terms of an enhanced absorption of downgoing
Alfven waves through the perturbed lower ionosphere, suggesting the generation of seismo-lower ionospheric
perturbations [18] [19]. Though some other mechanisms including the nonlinear process have been proposed
(e.g., [1] [26]), all are based on the perturbations in the lower ionosphere. We have an additional time period ex-
hibiting critical features in dDep about one month before the EQ. The area of ionospheric perturbation as sensed
by the ULF horizontal magnetic field depression is known to be much wider than that sensed by the above li-
thospheric radiation [18] [19]. So, it seems that the pre-EQ criticality has occurred in a wider area of lithosphere
in two time periods before the EQ; one is a few days before the EQ, and the other is about one month before the
EQ. The lead time of the lower ionospheric perturbation is found to be on the order of one week [8], so that the
former lead time obtained in this paper is very plausible.

A difference in lead time of critical dates for lithospheric ULF radiation and for ionospheric perturbations as
deduced from Dy, and 6Dep (ULF depression), might be simply due to the difference in the location of lithos-
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phere sensed by both methods.

One more thing we have to add here is the consideration on geomagnetic activity, which might have some ef-
fects on ULF. As already described in [12], the geomagnetic activity during the period of our analysis was rather
calm, so its influence can be neglected.

Finally, we have to emphasize the following points again. First, we have to pay attention to both effects in
ULF, i.e., not only the well-known lithospheric radiation, but also a new phenomenon of depression of ULF ho-
rizontal magnetic fields as a signature of seismo-ionospheric perturbations. As the second point, we advise the
readers to carry out an integrated study for any seismogenic phenomenon by using both the simple statistical and
critical analyses, because there is a definite limitation in studying the physics of a seismogenic phenomenon on-
ly with the use of the conventional statistical analysis.
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