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Abstract: The Gutenberg–Richter b value describes the ratio between large and small events. A
number of studies have suggested that the b value decreases before large earthquakes. In this study,
we investigate the temporal variation of the b value of an area along the main rupture zone of the
2008 Wenchuan earthquake (M8.0) prior to the great event. Before estimating b values, we tested
the earthquake catalog to make sure that we use the reliable frequency–magnitude distribution by
the calculation of MC (completeness of magnitude). We define parameter P (∆AIC = 2) values to
examine the significance level of b-value changes in the temporal variation by combining a boostrap
method with Akaike’s Information Criterion (AIC). The b value in the main rupture zone shows a
long-term decrease trend. We then focus on a smaller area where the initial rupture starts. The results
show that b values significantly changed about 3 months before the 2008 Wenchuan earthquake in
the initial rupture area, indicating that the b value has a potential capability to monitor and detect
precursory phenomena of great earthquakes.

Keywords: b value; Mc; AIC; bootstrap; Gutenberg–Richter

1. Introduction

Gutenberg and Richter [1] put forward the Gutenberg–Richter law (hereafter, GR law),

log10N = a − bM, (1)

which denotes the relationship between magnitude (M) and number (N) of earthquakes.
Here, the constant a value measures the productivity of earthquake, and the b value is the
relative proportion which represents the seismicity (e.g., [2]). Later studies showed that the
temporal and spatial changes in the b value were capable of reflecting the stress evolution
around seismogenic zones (e.g., [3–5]). A number of reports demonstrated decreases in
the b value prior to great earthquakes in recent decades, such as the 2003 Tokachi-Oki
earthquake (Mw8.3) [6]; the 2004 Sumatra earthquake (Mw9.1) [7]; the 2011 earthquake
off the Pacific coast of Tohoku (Mw9.0) [8]; the 2014 Kumamoto earthquake (M7.3) [9];
the 2019 Ridgecrest earthquake [10]; and the assessment of the earthquake forecast in
Yunnan, China [11]. This decrease was discussed in Varotsos et al. [12] on the basis of
natural time analysis, according to which the temporal correlations between earthquake
magnitudes, as well the variability of the order parameter of seismicity, are affected [13,14]
before major earthquakes whose epicenters can be estimated well in advance [15]. Changes
in b value were used to discriminate between foreshocks and aftershocks, and a traffic-light
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classification was proposed for the real-time assessment of the probability of a subsequent
larger event [16]. The experimental study in (Scholz [17]; Lei [18]) also suggested that
variation of the b value in rock samples has a decrease trend before the main rupture. The
completeness of magnitude (Mc) of the earthquake catalog is the minimum magnitude
of earthquakes, above which the earthquake distribution follows the G-R law, and the
all eartquakes are considered to be recorded completely. Mc is essential to calculate the
b value. Several methods of its estimation are compared in Woessner and Wiemer [19].
After computation of the b value, the variation should be evaluated objectively to figure
out whether there is precursory decrease in the b value prior to a great earthquake. Some
geophysical data such as geomagnetic data, satellite thermal infrared data, strain data,
and GNSS ionospheric electron data show the precursor characteristics based on the
investigations on statistical significance using superposed epoch analysis and assessment
of pre-earthquake phenomena using ROC approaches [20–28]. For the reason of uncertainty
in the b value, we employed the Utsu test [29] which is shown in Schorlemmer et al. [30],
to quantify the significance level of b-value changes.

In this study, we investigate the temporal variation of b value of an area along the
main rupture zone of the 2008 Wenchuan earthquake (M8.0) prior to the great event. We
define the “reference seismicity” as the seismicity at the beginning of the data (2000–2003)
and compare the seismicity afterwards with it by statistical test to see how the seismicity
changed with time before the great event.

2. Data

In order to analyze the 2008 Wenchuan earthquake, we used a dataset from the China
Earthquake Administration (CEA) earthquake catalog dating from 2000 to 2013. For the
dataset, we used a depth range of 0–60 km and two different areas: a broader area and a
smaller area. The broader region is defined by the main rupture zone and is within 60 km
of the main fault, which is approximated to the line from (31.00◦ N, 103.40◦ E) to (32.5◦ N,
105.25◦ E) with reference to He and Shen [31]. We also investigated another smaller area,
which corresponds to a rectangular region between (30.5◦ N–31.5◦ N) and (103◦ E–104◦ E),
where the initial rupture of the 2008 Wenchuan earthquake started. Figure 1 shows the spatial
distribution of earthquake events during 1 January 2000–12 May 2008 in areas 1 and 2.

Figure 1. Spatial distribution of earthquake events during 1 January 2000–12 May 2008. The black star
is the epicenter of the 2008 Wenchuan earthquake, and the black solid line shows the main rupture
zone. The red spots show the earthquakes that occurred in area 1, and the blue dotted frame indicates
area 2.
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3. Methods
3.1. Estimation of MC

Because of detection capability, weak earthquakes are not recorded completely, which
leads to a deviation in frequency of magnitude distribution. To calculate b values correctly,
we have to use the distribution without missing earthquakes. We chose the maximum MC
for the whole analyzed period. Regarding the MC computations, we divided the earthquake
catalog into windows, with each window having the same number of earthquakes. The
window then shifted in step chronologically. The step can be constant in number of
earthquakes or time. In this study, we set the window number to 500, step to 50 earthquakes,
and used MAXC (maximum curvature) technique Wiener and Wyss [32] to estimate the
MC for each window. We then applied the bootstrap approach on each window (with
replacement) and repeated 300 times to obtain 300 Mcs. We took the mean of Mc as the Mc
estimation and the standard deviation as the Mc error for each window.

3.2. Estimation of b Values

We employed the maximum-likelihood method to calculate b values [33,34]. Accord-
ing to Aki [33], the b value and its error σb can be calculated in Equations (2) and (3):

b =
1

log 10
(
Mi −Mc

) (2)

σb =
b√
N

(3)

where N is the earthquake number, and Mi is the mean value of earthquake magnitudes.
We used two different types of step to calculate b values. The first type took a certain
number of earthquakes (50 or 100) as a step to investigate the temporal variation of b values.
In the second type, we took a certain time interval to define a step, which allowed us to
investigate the daily variation and the monthly variation of b values.

Nava et al. [35] showed estimates on the probabilities of obtaining correct estimates
of b for a given desired precision for samples of different sizes. It was suggested that
when N = 500 or more, the standard deviation of b value could be less than 5% (when true
b = 1.0). Therefore, in this study, N was set at 500. When shifting by time interval, the
window was obtained by setting the time at the end of the day/month and searching back
until there were 500 earthquakes.

3.3. Significance Level of b-Value Changes

We applied the AIC (Akaike’s Information Criterion) to define the significance level
of difference between two b values. ∆AIC = 2 indicates a significant difference between b
values in two different time windows, referring to the previous research [29]:

∆AIC = −2(2N) ln(2N) + 2Nln
(

N + N
b1

b2

)
+ 2Nln

(
N + N

b2

b1

)
− 2 (4)

where N is the number of samples, and b1 and b2 are b values in two different windows for
testing. In order to obtain a robust reference b value, we applied the bootstrap approach
(with replacement) in the reference seismicity period (2000–2003) and sample of 5000
windows (N = 500 in each window) and computed b values of each window to generate
the reference b-value group. We then calculated ∆AIC to quantify the differences between
the b value to test and each b value in the reference group, which contained 5000 b values.
We counted the number of ∆AIC = 2 in 5000 ∆AIC values and defined the percentage as P
(∆AIC = 2). By these means, we evaluated the significance of b-value temporal changes. A
larger P indicates a more significant difference between the b value and the reference.
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4. Results

According to the report of Liu et al. [36], the China Digital Seismological Observational
System, including the national and regional seismic stations, was built from 1996–2000 by
the China Earthquake Administration (CEA). The establishment of regional telemetered
digital-seismograph networks by the end of 2000 significantly improved the capability of
monitoring regional seismicity. Figure 2 shows the result of MC estimation. It indicates a
quick increase after the 2008 Wenchuan earthquake (M8.0). As shown in Equation (2), the b
value is sensitive to the variation of Mc value. To keep a relatively stable Mc, we chose the
dataset from 1 January 2000 until the main shock of the 2008 Wenchuan earthquake. Taking
the maximum Mc (1.7) during this period, there were 1930 earthquakes for area 1 and 909
earthquakes for area 2, respectively.

Figure 2. The temporal distribution of earthquakes and variations of MC. (a) Temporal distribution of
earthquake events; (b) a solid line shows the temporal variation of MC, and the broken lines indicate
the standard deviation of MC for N = 500 and step = 50.

Figure 3a shows the temporal variation of b values in the main rupture zone (area 1)
of the 2008 Wenchuan earthquake. It was estimated with a window size of 500 events and a
shifting step of 100 samples. The temporal variation shows that the b value changed a little
from 2002 to the middle of 2004. After that, the b value presented a tendency to decrease.

We then evaluated the monthly variation of b value relative to background (2000–2003)
using a P (∆AIC = 2) parameter. The results in Figure 4 were obtained with window size
N = 500 and step = 1 month. The monthly b value presents a similar tendency of variation,
as shown in Figure 3. The significance level of b-value changes shows two peaks around
the end of 2006 and few months before the Wenchuan earthquake in 2008. We looked
further into the second peak and found that most events from February to April 2008 were
concentrated at the southwest side of the main rupture zone, where the initial rupture of
the M8.0 earthquake started. Therefore, we narrowed the analysis area to area 2 to see if
there was any difference in b-value temporal variation.
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Figure 3. The temporal variation of b values in area 1 for N = 500 and step = 100. (a) The vertical error
bar shows the standard deviation of the b value; the horizontal error bar presents the corresponding
time span of the window. (b) Frequency–magnitude distribution of earthquakes in the first window
in (a). The window starts from 2 January 2000 (first EQ in area 1) and terminates on 19 March 2002;
the b value is 1.29 ± 0.058. (c) Frequency–magnitude distribution of earthquakes in the last window
in (a). The window starts from 8 November 2005 and terminates on 13 March 2008; the b value is
1.13 ± 0.05.

Figure 4. The monthly variation of b values, p values, and earthquake distributions in area 1. (a) The
monthly variation of b values with N = 500. The step of shifting window is 1 month. The vertical
error bar shows the standard deviation of the b value. (b) The temporal variation of P (∆AIC = 2)
value. (c) The temporal distribution of earthquakes with M ≥Mc.
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Figure 5 presents the temporal variation of b values in area 2 for N = 500 and step = 100.
Though there were only 5 windows due to the low number of earthquake events, we could
still find a decrease trend in the b value. Figure 6 shows the monthly variation of b values, p
values, and earthquake distributions in area 2. There was only one dramatic increase about
3 months before the 2008 Wenchuan earthquake. To evaluate whether the b value could
serve as a short-term precursor, we then computed the daily b-value variation. Figure 7
shows the detailed results of the daily variations in area 2 from 1 January 2006 to 11 May
2008, with N = 500 and shifting window = 1 day. It was found that at the beginning of
February 2008, the p value increased suddenly and stayed at a relatively high value of 20%.

Figure 5. The temporal variation of b values in area 2 for N = 500 and step = 100. The vertical error
bar shows the standard deviation of the b value; the horizontal error bar presents the corresponding
time span of the window. (b) Frequency–magnitude distribution of earthquakes in the first window
in (a). The window starts from 4 January 2000 (the first EQ in area 2) and terminates on 19 May 2004;
the b value is 1.24 ± 0.06. (c) Frequency–magnitude distribution of earthquakes in the last window
in (a). The window starts from 14 September 2003 and terminates on 12 March 2008; the b value is
1.10 ± 0.05.
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Figure 6. The monthly variation of b values, p values, and earthquake distributions in area 2. (a) The
monthly variation of b values with N = 500. The step of shifting window is 1 month. The vertical
error bar shows the standard deviation of the b value. (b) The temporal variation of P (∆AIC = 2)
value. (c) The temporal distribution of earthquakes with M ≥Mc.

Figure 7. The daily variation of b values in area 2. The lateral shows the day, from 1 January 2006 till
11 May 2008. (a) The daily variation of b values with N = 500. The step of shifting window is 1 day.
The vertical error bar shows the standard deviation of the b value. (b) The temporal variation of P
(∆AIC = 2) value. (c) The temporal distribution of earthquakes with M ≥Mc.
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5. Discussion
5.1. Mc Estimation

The MAXC method may underestimate the Mc. Woessner and Wiemer [19] com-
pared four different methods for Mc estimation (EMR, MAXC, GFT, and MBS); the results
suggested that EMR had a superior performance. However, when the sample size was
large—for example, more than several hundred—the estimations of Mc using different
approaches were quite similar. The errors were mostly around 0.1. In our computation,
to make sure the Mc was not underestimated, we took Mc + 0.1 as the Mc output in our
program. We also computed the b value using Mc estimated with the GFT method; the
results were similar as those using the MAXC method. Moreover, it has to be emphasized
that the b value could change when using different Mc, but the b-value variation trend is
usually not affected by Mc.

5.2. b-Value Calculation and the Significance of b-Value Change

According to Utsu [34], if the binning is 0.1 magnitude unit, the Mo should be Mc-0.05,
which will lead to a slight decrease in b value compared with Equation (2) proposed by
Aki [33]. In the real case, it is very difficult to estimate the binned magnitude. Moreover,
what we concern here is the b value’s evolution rather than the absolute b value. The
b values obtained by Utsu [34] and Aki [33] are slightly different; however, the b-value
temporal changes are almost the same. Shi and Bolt [37] proposed an equation for b-value
error estimation. Compared with the equation proposed by Aki [33], it considered the
differences between each magnitude with mean magnitude to estimate the error of b value.
When the number of earthquakes N was large—for example, N = 500 in this study—the
errors estimated by equations of Aki [33] and Shi and Bolt [37] were almost the same.

Stumpf and Porter [38] recently pointed out that one needs two orders of magnitude
in both axes to truly establish a power law. We investigated the frequency–magnitude
distributions in each window in Figures 3 and 5. It was found that the b value fits the data
well, and there are two orders of magnitude in both axes, suggesting the b-value estimation
is robust.

As the b value is a statistical parameter and it has an uncertainty, the key point is that
one has to make sure that the change in b value is significant. To achieve this, we took
2000–2003 as a reference period and applied the bootstrap approach (with replacement)
to generate the reference b-value group. The ∆AIC test proposed by Utsu [29] was then
employed to quantify the significance level of b-value changes. In fact, the cycle of an M8
class earthquake could be more than hundred years, and our data length is far from enough
to obtain a “normal seismicity” background. In this study, what we could see was just the
stress evolution prior to the M8 event by inferring from the b-value variation. We took the
beginning of the data as a reference period and compared the seismicity afterwards to see
how the seismicity changed with time before the great event. By these means, we might
obtain some useful information on the stress evolution before great earthquakes.

5.3. b Value and Stress Evolution

Scholz [3] showed that the b value for earthquakes decreases linearly with stress
for both continental and subduction-zone environments. He found that b = 1.23 ± 0.06–
(0.0012 ± 0.0003) (σ1–σ3) using linear-regression analysis. In fact, other factors such as
material heterogeneity and thermal gradients (swarms) could also affect b values. We
agree that the b value for earthquakes decreases with stress, but we cannot agree with the
quantitative relation without considering the effects of other variables. If we consider the
relation between b value and stress in a given area, then the results might be more robust,
as the material heterogeneity and other factors could be regarded as constant. Tan et al. [5]
showed that the b value decreases with increasing tidal stress in a 25 km3 block of crust
that experiences periodic tidal loading of ±20 kPa. They found that b = 1.35 ± 0.03 −
(0.007 ± 0.003) σ where stress is in kPa. In our results, the b-value change from 2002–2008
was about 0.1–0.2 (See Figures 3–6). If using the relation of Tan et al. [5], the stress change
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is about tens of kPa. In our opinion, the relation between stress and b value may not be
linear. When the stress level is subcritical, there might be one relation; when the stress
level becomes critical, a small increase in stress may lead to a dramatic decrease in b value.
Moreover, as mentioned before, material heterogeneity and the fractal dimension of the
fault system may affect the relation. Therefore, different places may show different relations
between stress changes and b values. However, the decrease in b value, as seen in this
study and many other cases, might be a common phenomenon prior to large earthquakes,
suggesting there is stress accumulating in the earthquake-preparation process.

5.4. b Value for Earthquake Forecast

The temporal variation of b values in both the whole rupture zone (area 1) and the
initial rupture area (area 2) shows a clear decrease trend, implying that the b value contains
long-term precursory information. As for the monthly and daily variations, there are clear
peaks in p value a few weeks before the main shock, suggesting that the b-value change is
significant and has a potential capability of a middle-to-long term forecast of an impending
great earthquake.

In order to achieve complete recognition of b-value changes in the preparation process
of the 2008 Wenchuan earthquake, further investigation is required to analyze the spatial
distribution of b values in the Wenchuan area in the future. For the purpose of earthquake
forecast, b values should be integrated with other parameters such as radon concentration,
GPS deformation, groundwater level, and so on, to achieve more acute results.

6. Conclusions

In this study, we investigated the temporal variation of the b value prior to the 2008
Wenchuan earthquake (M8.0). We proposed a new parameter P (∆AIC = 2) to examine the
significance level of b-value changes in the temporal variation by combining a bootstrap
method with Akaike’s Information Criterion (AIC). The b values in both the main rupture
zone and initial rupture area showed a long-term decrease trend. Monthly and daily
variations showed that b values significantly decrease about 3 months before the main
shock in the initial rupture area, indicating that the b value has the potential capability to
monitor large earthquakes.

Author Contributions: This article is based on the graduated study of W.X., supervised by K.H. and
P.H. Conceptualization, K.H., P.H. and H.S.; methodology, K.H. and P.H.; software, W.X.; validation,
P.H. and K.H.; formal analysis, W.X. and P.H.; investigation, W.X.; resources, W.X.; data curation, H.S.,
P.H. and K.H.; writing—original draft preparation, W.X.; writing—review and editing, K.H. and P.H.
All the authors made comments on the final version before the submission. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was partially funded by Grand-in-Aids for Scientific Research of Japan
Society for Promotion of Science (26249060) (K.H.), the Ministry of Education, Culture, Sports, Science
and Technology (MEXT) of Japan, under its observation and Research Program for Prediction of
Earthquakes and Volcanic Eruptions (CBA_01) (K.H.), and National Key Research and Development
Program of China (2018YFC1504204) (P.H.).

Data Availability Statement: The earthquake catalogs are provided by the China Earthquake Net-
works Center.

Acknowledgments: The authors are grateful to the anonymous reviewers for their constructive
suggestions and comments. The authors also thank the China Earthquake Networks Center for
providing the earthquake catalogs.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gutenberg, R.; Richter, C.F. Frequency of earthquakes in California. Bull. Seismol. Soc. Am. 1944, 34, 185–188. [CrossRef]
2. Schorlemmer, D.; Wiemer, S.; Jackson, D. Earthquake statistics at Parkfield: 1. Stationality of b values. J. Geophys. Res. Solid Earth

2004, 109, 12307. [CrossRef]

http://doi.org/10.1785/BSSA0340040185
http://doi.org/10.1029/2004JB003234


Entropy 2022, 24, 494 10 of 11

3. Scholz, C.H. On the stress dependence of the earthquake b value. Geophys. Res. Lett. 2015, 42, 1399–1402. [CrossRef]
4. Mousavi, M.; Ogwari, P.; Horton, S.; Langston, C. Spatio-temporal evolution of frequency-magnitude distribution and seismogenic

index during initiation of induced seismicity at Guy-Greenbrier, Arkansas. Phys. Earth Planet. Inter. 2017, 267, 53–66. [CrossRef]
5. Tan, Y.J.; Waldhauser, F.; Tolstoy, M.; Wilcock, W. Axial Seamount: Periodic tidal loading reveals stress dependence of the

earthquake size distribution (b value). Earth Planet. Sci. Lett. 2019, 512, 39–45. [CrossRef]
6. Xie, W.; Hattori, K.; Han, P.; Shi, H. Temporal variation and statistical assessment of b value off the Pacific coast of Tokachi,

Hokkaido, Japan. Entropy 2019, 21, 249. [CrossRef]
7. Nuannin, P.; Kulhanek, O.; Persson, L. Spatial and temporal b value anomalies preceding the devastating off coast of NW Sumatra

earthquake of December 26, 2004. Geophys. Res. Lett. 2005, 32, 32. [CrossRef]
8. Nanjo, K.Z.; Hirata, N.; Obara, K.; Kasahara, K. Decade-scale decrease in b value prior to the M9-class 2011 Tohoku and 2004

Sumatra quakes. Geophys. Res. Lett. 2012, 39, 20304. [CrossRef]
9. Nanjo, K.; Yoshida, A. Anomalous decrease in relatively large shocks and increase in the p and b values preceding the April 16,

2016, M7.3 earthquake in Kumamoto, Japan. Earth Planets Space 2017, 69, 13. [CrossRef]
10. Nanjo, K. Were changes in stress state responsible for the 2019 Ridgecrest, California, earthquakes? Nat. Commun. 2020, 11, 3082.

[CrossRef]
11. Wang, R.; Chang, Y.; Miao, M.; Zeng, Z.; Chen, H.; Shi, H.; Li, D.; Liu, L.; Su, Y.; Han, P. Assessing Earthquake Forecast

Performance Based on b Value in Yunnan Province, China. Entropy 2021, 23, 730. [CrossRef] [PubMed]
12. Varotsos, P.A.; Sarlis, N.V.; Skordas, E.S. Order parameter fluctuations in natural time and b-value variation before large

earthquakes. Nat. Hazards Earth Syst. Sci. 2012, 12, 3473–3481. [CrossRef]
13. Varotsos, P.A.; Sarlis, N.V.; Skordas, E.S. Study of the temporal correlations in the magnitude time series before major earthquakes

in Japan. J. Geophys. Res. Space Phys. 2014, 119, 9192–9206. [CrossRef]
14. Sarlis, N.V.; Skordas, E.S.; Varotsos, P.A. Order parameter fluctuations of seismicity in natural time before and after mainshocks.

Europhys. Lett. 2010, 91, 59001. [CrossRef]
15. Sarlis, N.V.; Skordas, E.S.; Varotsos, P.A.; Nagao, T.; Kamogawa, M.; Uyeda, S. Spatiotemporal variations of seismicity before

major earthquakes in the Japanese area and their relation with the epicentral locations. Proc. Natl. Acad. Sci. USA 2015, 112,
986–989. [CrossRef] [PubMed]

16. Gulia, L.; Wiemer, S. Real-time discrimination of earthquake foreshocks and aftershocks. Nature 2019, 574, 193–199. [CrossRef]
[PubMed]

17. Scholz, C. Microfractures, aftershocks, and seismicity. Bull. Seismol. Soc. Am. 1968, 58, 1117–1130.
18. Lei, X.L. How do asperities fracture? An experimental study of unbroken asperities. Earth Planet. Sci. Lett. 2003, 213, 347–359.

[CrossRef]
19. Woessner, J.; Wiemer, S. Assessing the Quality of Earthquake Catalogues: Estimating the Magnitude of Completeness and Its

Uncertainty. Bull. Seismol. Soc. Am. 2005, 95, 684–698. [CrossRef]
20. Hattori, K.; Han, P.; Yoshino, C.; Febriani, F.; Yamaguchi, H.; Chen, C.H. Investigation of ULF Seismo-Magnetic Phenomena in

Kanto, Japan During 2000–2010: Case Studies and Statistical Studies. Surv. Geophys. 2013, 34, 293–316. [CrossRef]
21. Han, P.; Hattori, K.; Hirokawa, M.; Zhuang, J.; Chen, C.H.; Febriani, F.; Yamaguchi, H.; Yoshino, C.; Liu, J.Y.; Yoshida, S. Statistical

analysis of ULF seismo-magnetic phenomena at Kakioka, Japan, during 2001–2010. J. Geophys. Res. Space Phys. 2014, 119,
4998–5011. [CrossRef]

22. Han, P.; Hattori, K.; Zhuang, J.; Chen, C.H.; Liu, J.Y.; Yoshida, S. Evaluation of ULF seismo-magnetic phenomena in Kakioka,
Japan by using Molchan’s error diagram. Geophys. J. Int. 2017, 208, 482–490. [CrossRef]

23. Liu, C.Y.; Liu, J.Y.; Chen, Y.I.; Qin, F.; Chen, W.S.; Xia, Y.Q.; Bai, Z.Q. Statistical analyses on the ionospheric total electron content
related to M ≥ 6.0 earthquakes in China during 1998–2015. Terr. Atmos. Ocean. Sci. 2018, 29, 485–498. [CrossRef]

24. Hattori, K.; Han, P. Statistical Analysis and Assessment of Ultralow Frequency Magnetic Signals in Japan As Potential Earthquake
Precursors. In Pre-Earthquake Processes: A Multidisciplinary Approach to Earthquake Prediction Studies; Ouzounov, D., Pulinets, S.,
Hattori, K., Taylor, P., Eds.; Wiley: Hoboken, NJ, USA, 2018; pp. 229–240. [CrossRef]

25. Ouzounov, D.; Pulinets, S.; Liu, J.Y.; Hattori, K.; Han, P. Multiparameter Assessment of Pre-Earthquake Atmospheric Signals. Pre-
Earthquake Processes: A Multidisciplinary Approach to Earthquake Prediction Studies; Ouzounov, D., Pulinets, S., Hattori, K., Taylor, P.,
Eds.; Wiley: Hoboken, NJ, USA, 2018; pp. 339–359. [CrossRef]

26. Han, P.; Zhuang, J.; Hattori, K.; Chen, C.H.; Febriani, F.; Chen, H.; Yoshino, C.; Yoshida, S. Assessing the potential earthquake
precursory information in ULF magnetic data recorded in Kanto, Japan during 2000–2010: Distance and magnitude dependences.
Entropy 2020, 22, 859. [CrossRef]

27. Genzano, N.; Filizzola, C.; Hattori, K.; Pergola, N.; Tramutoli, V. Statistical correlation analysis between thermal infrared
anomalies 1 observed from MTSATs and large earthquakes occurred in Japan (2005–2015). J. Geophys. Res. Solid Earth 2021, 126,
e2020JB020108. [CrossRef]

28. Yu, Z.; Hattori, K.; Zhu, K.; Fan, M.; He, X. Evaluation of pre-earthquake anomalies of borehole strain network by using Receiver
Operating Characteristic Curve. Remote Sens. 2021, 13, 515. [CrossRef]

29. Utsu, T. On seismicity, in report of the Joint Research Institute for Statistical Mathematics. Inst. Stat. Math. Tokyo 1992, 34, 139–157.
(In Japanese)

http://doi.org/10.1002/2014GL062863
http://doi.org/10.1016/j.pepi.2017.04.005
http://doi.org/10.1016/j.epsl.2019.01.047
http://doi.org/10.3390/e21030249
http://doi.org/10.1029/2005GL022679
http://doi.org/10.1029/2012GL052997
http://doi.org/10.1186/s40623-017-0598-2
http://doi.org/10.1038/s41467-020-16867-5
http://doi.org/10.3390/e23060730
http://www.ncbi.nlm.nih.gov/pubmed/34201205
http://doi.org/10.5194/nhess-12-3473-2012
http://doi.org/10.1002/2014JA020580
http://doi.org/10.1209/0295-5075/91/59001
http://doi.org/10.1073/pnas.1422893112
http://www.ncbi.nlm.nih.gov/pubmed/25548194
http://doi.org/10.1038/s41586-019-1606-4
http://www.ncbi.nlm.nih.gov/pubmed/31597971
http://doi.org/10.1016/S0012-821X(03)00328-5
http://doi.org/10.1785/0120040007
http://doi.org/10.1007/s10712-012-9215-x
http://doi.org/10.1002/2014JA019789
http://doi.org/10.1093/gji/ggw404
http://doi.org/10.3319/TAO.2018.03.11.01
http://doi.org/10.1002/9781119156949.ch13
http://doi.org/10.1002/9781119156949.ch20
http://doi.org/10.3390/e22080859
http://doi.org/10.1029/2020JB020108
http://doi.org/10.3390/rs13030515


Entropy 2022, 24, 494 11 of 11

30. Schorlemmer, D.; Wiemer, S.; Wyss, M.; Jackson, D. Earthquake statistics at Parkfield: 2. Probabilistic forecasting and testing. J.
Geophys. Res. Solid Earth 2004, 109, 12308. [CrossRef]

31. He, P.C.; Shen, Z.K. Rupture triggering process of Wenchuan earthquake seismogenic faults. Chin. J. Geophys.Chin. Ed. 2014, 57,
3308–3317. (In Chinsese)

32. Wiemer, S.; Wyss, M. Minimum magnitude of complete reporting in earthquake catalogs: Examples from Alaska, the Wester-
nUnited States, and Japan. Bull. Seismol. Soc. Am. 2000, 90, 859–869. [CrossRef]

33. Aki, K. Maximum likelihood estimate of b in the formula log N= a-bM and its confidence limits. Bull. Earthq. Res. Inst. 1965, 43,
237–239.

34. Utsu, T. A method for determining the value of b in a formula log n=a-bM showing themagnitude-frequency relation for
earthquakes. Geophys. Bull. Hokkaido Univ. 1965, 13, 99–103. (In Japanese)

35. Nava, F.A.; Márquez-Ramírez, V.H.; Zúñiga, F.R.; Ávila-Barrientos, L.; Quinteros, C.B. Gutenberg-Richter b-value maximum
likelihood estimation and sample size. J. Seismol. 2017, 21, 127–135. [CrossRef]

36. Liu, R.F.; Wu, Z.L.; Yin, C.M.; Chen, Y.T.; Zhuang, C.T. Development of China Digital Seismological Observational Systems. Acta
Seismol. Sin. 2003, 16, 568–573.

37. Shi, Y.; Bolt, B.A. The standard error of the magnitude-frequency b value. Bull. Seismol. Soc. Am. 1982, 72, 1677–1687. [CrossRef]
38. Stumpf, M.P.; Porter, M.A. Critical Truths About Power Laws. Science 2012, 335, 665–666. [CrossRef] [PubMed]

http://doi.org/10.1029/2004JB003235
http://doi.org/10.1785/0119990114
http://doi.org/10.1007/s10950-016-9589-1
http://doi.org/10.1785/BSSA0720051677
http://doi.org/10.1126/science.1216142
http://www.ncbi.nlm.nih.gov/pubmed/22323807

	Introduction 
	Data 
	Methods 
	Estimation of MC 
	Estimation of b Values 
	Significance Level of b-Value Changes 

	Results 
	Discussion 
	Mc Estimation 
	b-Value Calculation and the Significance of b-Value Change 
	b Value and Stress Evolution 
	b Value for Earthquake Forecast 

	Conclusions 
	References

