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Abstract  

Moore [1964] in a letter published in Nature reported disturbances in geomagnetic field 

data prior to the 27 March 1964 Alaska earthquake.  After the publication of this report, many 

papers have shown magnetic changes preceding earthquakes. However, a causal relationship 

between preearthquake magnetic changes and impending earthquakes has never been 

demonstrated. As a consequence, after 50 years, magnetic disturbances in the geomagnetic 

field are still candidate precursory phenomena. Some researchers consider the investigation of 
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Ultra-Low-Frequency (ULF: 0.001–10 Hz) magnetic data the correct approach for identifying 

precursory signatures of earthquakes [see, e.g., Hayakawa et al., 2007; Hattori et al., 2013 

and references therein]. Other researchers, instead, have recently reviewed many published 

ULF magnetic changes that preceded earthquakes and have shown that these are not actual 

precursors [see, e.g., Campbell, 2009; Masci, 2010, 2011a; Thomas et al., 2009a, 2009b]. The 

recent studies by Currie and Waters [2014] and Han et al. [2014] aim to provide relevant new 

findings in the search for ULF magnetic precursory signals. However, in order to contribute to 

science, alleged precursors must be shown to be valid and reproducible by objective testing. 

Here, we will briefly discuss the state-of-the-art in the search for ULF magnetic precursors, 

paying special attention to the recent findings of Currie and Waters [2014] and Han et al. 

[2014]. We do not see in these two reports significant evidence that may support the 

observation of precursory signatures of earthquakes in ULF magnetic records. 

 

1. Introduction  

Some researchers claim that anomalies do appear in ULF magnetic data prior to 

earthquakes. They hypothesize that these anomalies are induced by an alleged preparatory 

phase of the impending earthquake. If correct, reports of preearthquake anomalies claimed to 

be possible precursors could have important scientific and societal impacts because they 

might make it possible to make reliable and accurate short-term earthquake predictions. 

However, reports of false precursors give the illusion that earthquake prediction may be 

realized in the future. A prediction is a deterministic statement that an earthquake will occur 

in a particular geographic region, in given period of time, and magnitude range, with 

significance in excess of random chance. Unfortunately, given the current state of scientific 
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knowledge, earthquake prediction is not yet possible. However, before we can answer the 

question Will earthquakes someday be predictable?, we must positively answer to the key 

question: Are there reliable earthquake precursors? Noise and other sources, both natural and 

artificial, must first be excluded before any anomaly can be considered a valid earthquake 

precursor, physical generation mechanisms must be identified, and the anomaly-earthquake 

relationship must be supported by experimental evidence.  

Coseismic effects are observed to occur in geomagnetic field and ionospheric data at the 

time of rupture [see, e.g., Astafyeva et al., 2013; Calais and Minster, 1995; Johnston, 1997; 

Johnston et al., 2006a; Utada et al., 2011]. In contrast, despite the great number of 

preearthquake ULF magnetic anomalous changes that continue to appear in scientific 

literature, strong evidence in support of an anomaly-earthquake relationship has never been 

provided, and other possible sources for the observed anomalies have not been seriously 

examined [see, e.g., Masci 2010, 2011a]. One of the main criticisms is the lack of 

corresponding coseismic changes when precursors are supposed to be generated in the 

earthquake focal region [Park et al., 1993].  If precursors are generated in the earthquake 

focal region, larger coseismic signals are expected when the rupture occurs because the vast 

majority of energy is released at this time, and not before the earthquake. If a coseismic effect 

is not observed in the investigated data, it is unlikely that the identified preseismic changes 

have any physical relationship with the earthquake. The Parkfield Earthquake Prediction 

Experiment along the San Andres fault in California, in which multidisciplinary 

measurements were obtained close to the 28 September 2004 Mw6 Parkfield earthquake, has 

shown coseismic electric and magnetic effects but no electromagnetic precursory signals 

[Johnston et al., 2006a]. The practice of retrospective identification of earthquake precursors 
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is also heavily criticized [see, e.g., Geller, 1997]. Just because we have retrospectively found 

that an event precedes another, this does not imply that they are related. The spatial and 

temporal correspondence that sometimes occurs between two events may be just a 

coincidence, or may result from poor data analysis. Thus, some researchers do not agree that 

magnetic changes observed prior to earthquakes had seismogenic origin. They have 

demonstrated that many published preearthquake ULF magnetic changes [see Campbell, 

2009; Masci, 2010, 2011a, 2011b, 2012a, 2012b, 2012c, 2013b; Masci and De Luca, 2013; 

Masci and Thomas, 2013a, 2013b, 2015b; Moldovan et al., 2012; Romanova et al., 2015; 

Thomas et al., 2009a, 2009b] and ionospheric disturbances [see Foppiano et al., 2008; Masci, 

2012d, 2013a; Masci and Thomas, 2014a, 2015a; Masci et al., 2015; Thomas et. al, 2012a, 

2012b] are reasonably related to instrumentation malfunction, to the analysis procedure, or to 

the normal geomagnetic activity in response to Sun-Earth interactions.  

The idea that electromagnetic precursors are generated before earthquakes is based on 

the assumption that earthquake initiates in an alleged preparation zone where physical 

phenomena lead to the subsequent shock. According to some authors [e.g., Dobrovolsky et al., 

1979], precursory signals may appear in the preparation zone, which has a size that depends 

on the magnitude of the earthquake. However, there is no evidence that a preparatory stage of 

earthquakes exists. Prior to earthquakes, indeed, the observed stress does not have measurable 

changes over hundreds of kilometers around active faults that might indicate the start of the 

fault failure [Johnston et al., 2006b]. The physical phenomena leading the fault in the critical 

state act in a very small volume whose dimension does not scale with final moment release 

[Johnston, 2015]. Earthquakes, indeed, appear to be chaotic, scale-invariant phenomena 

controlled by the local mechanical properties of the fault whose geometry and frictional 
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characteristics determine the starting and stopping of the rupture [see, e.g., Geller, 1997; 

Johnston, 2015; Kagan, 1997]. Therefore, any small shock may grow into a stronger 

earthquake, and how big the quake will become is determined by how it is stopped, and not 

by how it starts. Consequently, the notion of a large earthquake preparation zone has no 

physical basis. 

This paper is organized as follows. We briefly describe the way in which ULF 

precursors of earthquakes are identified in geomagnetic field data, which includes two 

examples of these claims. Afterward, we will comment on the recent studies by Currie and 

Waters [2014] and Han et al. [2014] and the implications of their findings in the search for 

ULF precursors for short-term prediction of earthquakes. 

 

2. Many papers and many ULF precursors 

One of the most frequently cited preearthquake ULF magnetic anomaly is that identified 

by Fraser‐Smith et al. [1994] a few days before the 1989 Loma-Prieta earthquake. A detailed 

reanalysis of this anomaly can be found in Campbell [2009] and Thomas et al. [2009a]. 

Fraser‐Smith et al. [2011] do not concur with the criticism of Campbell [2009] who argues 

that the magnetic changes preceding the Loma-Prieta earthquake were natural disturbances 

coincidental to the geomagnetic solar-terrestrial disturbance field. However, we agree with 

Fraser‐Smith et al. [2011] when they affirm that further independent evidence is required 

before the magnetic field fluctuations prior to the Loma-Prieta earthquake may be considered 

as a real precursor.  
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Following Fraser-Smith et al. [1990], many in the scientific community have 

considered the investigation of ULF geomagnetic data as a promising way for identifying 

precursory signatures of earthquakes. ULF magnetic signals include those driven by the Sun-

Earth interactions, artificial noise, and signals possibly generated in the Earth’s interior. The 

frequency of ULF magnetic changes that have been reported as possible precursors 

completely overlap in the range of Pc1-Pc5 geomagnetic micropulsations that are induced by 

solar wind-magnetosphere and magnetosphere-ionosphere interactions. Thus, contributions 

coming from the ionosphere and magnetosphere may lead researchers to erroneously interpret 

their origin. Balasis and Mandea [2007] rightly stressed that the geomagnetic activity should 

be considered as a key parameter in interpreting observed preearthquake magnetic anomalies.   

There are similarities in reports of anomalous changes in magnetic data, as well as in 

ionospheric parameters, that are observed prior to earthquakes. Usually preearthquake 

changes are retrospectively detected as follows: an earthquake occurs, are there changes in 

geophysical data in the preceding days?, if the answer is yes, the observed change is 

hypothesized to may be a precursor without checking other sources [Rishbeth, 2007]. What is 

very surprising is that some researchers [see, e.g., Febriani et al. 2014; Hattori et al., 2013; 

Ohta et al., 2013; Schekotov and Hayakawa, 2015; Xu et al., 2013] seem to ignore the 

findings of recent reports which have shown that many published preearthquake ULF 

anomalies were, indeed, not precursors. There are papers [see, e.g., Hayakawa, 2011; Surkov 

and Hayakawa, 2014; Varlamov et al., 2012] that cannot be considered as being part of a 

serious scientific debate, since the authors persist in showing alleged precursors whose 

seismogenic origin has been proved invalid in previous reviews [see, e. g., Masci, 2010, 

2011b, 2011c].  

©2015 American Geophysical Union. All rights reserved.



 7 

In order for the electromagnetic signals possibly generated in the Earth’s interiors to be 

identified in ULF geomagnetic data, they have to reach the Earth’s surface and then be 

recorded by the instrumentation. The detection of these signals may depend on the 

characteristics of the instruments in operation in the magnetic station and on the distance of 

the station from the source. One of the first attempts to find a relationship between the 

earthquake magnitude and the epicentral distance where an alleged precursor was observed 

can be found in Rikitake [1987]. In a more recent report, in order to estimate the maximum 

detection distance for possible ULF magnetic precursors, Hattori et al. [2004] by using 

published preseismic anomalies believed to be seismogenic, obtain an empirical relationship 

between the earthquake magnitude and the distance from the earthquake epicenter of the ULF 

station where the anomaly was detected. After this report, many researchers [see, e.g., 

Febriani et al., 2014; Hayakawa et al., 2007; Yumoto et al., 2009] have referred to this 

relationship in support of the seismogenic origin of the magnetic changes they observed. In 

Figure 1 we show this relationship as reported by Febriani et al. [2014] where we have 

highlighted with red dots the ULF magnetic changes that were proved to be invalid precursors 

(see Table S1 of the supporting information). Note that the relationship in Figure 1 is not 

supported by observational evidence since it has been derived using invalid precursors.  

With regard to the identification of generation mechanisms for ULF magnetic crustal 

signals, many models have been proposed (see the review of Cicerone et al., 2009), but an 

actual physical mechanism has not yet been identified. Still, laboratory experiments on 

stressed rocks have been conducted to explain the generation of ULF signals. Even if 

experiments have shown that electric current is generated in dry rocks by stress loading [see, 

e.g., Freund et al., 2006] it is not clear how these small-scale experiments may be applied to 
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the Earth’s crust.  Indeed, recent experiments on gabbro samples saturated with electrically 

conductive fluid similar to those observed in active earthquake fault zones have shown that 

neither transients nor stress-stimulated currents were observed during several cycles of stress 

loading [Dahlgren et al., 2014]. Because the Earth’s crust is fluid saturated, Dahlgren et al. 

[2014] conclude that significant electric currents are not expected to be generated during the 

slow stress accumulation prior to earthquakes or during any slow precursory stress release 

that may occur in the region of earthquake nucleation. As a consequence no electric and 

magnetic signals are expected to be observed on the Earth’s surface. 

 In summary, reports of ULF magnetic precursors are flawed because they do not 

provide an adequate control of the seismogenic origin of the reported anomalies. The authors 

of these reports do not provide a rigorous qualitative definition of what constitutes an 

anomaly, nor do they show if the alleged anomalies appear only before quakes, or whether 

they appear frequently, more or less at random [Pham and Geller, 2002]. Theories on the 

physical mechanisms for generating electromagnetic precursors are controversial.  Instead, 

many ULF magnetic changes identified prior to earthquake have been shown to be invalid 

precursors.  

 

3. Are magnetic polarization ratio anomalies credible precursors of earthquakes?     

The most commonly used methods to identify preearthquake ULF anomalies in 

geomagnetic field records are the so called spectral polarization ratio analysis [see, e.g., 

Hayakawa et al., 1996] and fractal analysis [Hayakawa et al., 1999]. Fractal anomalies 

preceding earthquakes have been extensively discussed and denied as precursors by Masci 
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[2010, 2013b] and Masci and Thomas [2013a, 2013b; 2015b]. Reports of precursory 

signatures in the spectral polarization ratio were proved invalid as well [see, e.g., Masci, 

2011a, 2012a, 2012c; Masci and Thomas, 2015b; Thomas et al., 2009b]. However, after the 

recent paper by Currie and Waters [2014], we are motivated to further examine if, as they 

suggest, the spectral polarization ratio may be considered as a promising parameter to identify 

earthquake precursors in ULF magnetic field data. 

We completely agree with Currie and Waters [2014] that there is ambiguity in the 

definition of the magnetic polarization ratio. Some authors define the magnetic polarization 

ratio as the ratio between the integrated powers of the vertical and the horizontal components 

of the geomagnetic field. Other authors, instead, identify the polarization ratio as the ratio of 

the spectral powers of the geomagnetic field components. In any case, this method cannot be 

considered an actual polarization analysis but it is merely the calculation of the ratio of 

geomagnetic field components. In ground based magnetic observations, the vertical 

component of the geomagnetic field is considered the most sensitive component to magnetic 

disturbances that may be induced by crustal events. Thus, many researchers argue that before 

earthquakes the polarization ratio may increase as a consequence of an anomalous increase of 

the vertical component. Others researchers [see, e.g., Takla et al., 2012; Yumoto et al., 2009], 

instead, claim that a depression of the polarization ratio, caused by an increase of the 

horizontal component, may be found prior to an earthquake. It is evident that the description 

of preearthquake ULF changes in the magnetic polarization ratio can vary significantly from 

study-to-study, where anomalies have been reported to be either negative or positive 

departures with respect to a not well-defined “normal background”.  
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3.1 Magnetic polarization ratio, geomagnetic activity, and geomagnetic indices 

Many examples of preearthquake changes identified in polarization ratio time series and 

an exhaustive discussion on their reliability as precursors can be found in Masci [2011a; 

2011b; 2012a; 2012c] and Thomas et al. [2009b]. These authors have demonstrated that the 

majority of the polarization ratio changes claimed to be precursors of impending earthquakes 

are, indeed, normal disturbances induced by geomagnetic activity. More precisely, they have 

found an inverse correspondence between ULF polarization ratio changes preceding 

earthquakes and the global geomagnetic Kp index [see also Masci and Di Persio, 2012].  The 

3h Kp index is obtained as the average value of the disturbance level in the horizontal field 

components of the geomagnetic field by combining data from 13 selected subauroral 

magnetometer stations located at mid and high latitudes. Kp is designed to be representative 

of magnetic activity on planetary scale [Menvielle and Berthelier, 1991]. The inverse 

correspondence between polarization ratio changes and Kp index is likely because of the 

different responses of the vertical and horizontal magnetic field components to changes in 

geomagnetic activity. Namely, an increase in geomagnetic activity (increase of Kp index) 

may increase the amplitude of the horizontal component more than that of the vertical 

component; as a consequence the polarization ratio decreases. On the contrary, when the 

geomagnetic activity decreases (decrease of Kp index), the reduction of the horizontal 

component may be more than that of the vertical component; therefore the polarization ratio 

increases [Masci, 2011a]. Nevertheless, due to the global averaging used to calculate Kp, the 

inverse correspondence between ULF polarization ratio variations and Kp index is not 

expected always and everywhere [Masci, 2012a]. 
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In the next sections, we present two examples of how invalid precursors were (in the 

first example), and continue to be (in the second example) identified by means of polarization 

ratio analysis and published in leading scientific journals.  

 

3.2 The ULF precursor of the Guam earthquake 

On 8 August 1993 an Mw7.7 earthquake occurred offshore the island of Guam. In a 

paper published in Geophysical Research Letters, Hayakawa et al. [1996] claimed to have 

found precursory signatures of the Guam earthquake in polarization ratio time series of 

geomagnetic field data. After Hayakawa et al. [1996], many papers [see Hayakawa et al., 

1999; Hobara et al., 2004; Ida et al., 2005; Ida and Hayakawa, 2006; Smirnova et al., 2001] 

have documented ULF magnetic changes preceding the Guam earthquake using different 

methods of analysis. Masci [2010, 2011a, 2011b, 2013b] and Thomas et al. [2009b], however, 

have shown that the magnetic changes identified prior to the Guam earthquake are not 

precursors. Although Guam ULF precursors have been extensively discussed in these papers, 

given the importance of Hayakawa et al. [1996] that introduced the magnetic polarization 

ratio as a right approach in searching for precursors, and taking also into account the recent 

report of Currie and Waters [2014], we want to further discuss the possibility that precursors 

may be identified in magnetic field data at the time of the Guam earthquake. We are also 

motivated by recent publications in which, despite the many papers where the Guam 

precursor has been proven invalid, this earthquake is still considered as one of the seismic 

events that were accompanied by magnetic ULF disturbances that can be considered 

precursory signals [see Surkov and Hayakawa, 2014, page 374].     
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Hayakawa et al. [1996] analyze ULF magnetic data (frequency range 0.01-0.05Hz) 

from the Geomagnetic Observatory of Guam using the method that they defined as 

polarization ratio analysis. To minimize the day-side effects due to the Sun-Earth interactions, 

they investigate night time data (12:00–16:00 UT); to reduce spurious noise, they calculate 

the 5-day running mean of the geomagnetic field components, averaged once per day. We 

have reproduced the polarization ratio analysis of Hayakawa et al. [1996] using the same 

magnetic data. In Figure 2a we report the polarization ratio time series (Z/H) as 5-day running 

mean. Hayakawa et al. [1996] claim that Z/H shows an anomalous increase during the months 

preceding the Guam earthquake that they assume to be seismogenic. In Figure 2a the shadow 

area refers to the period in which, according to Hayakawa et al. [1996], precursory magnetic 

signals appeared, whereas the yellow solid line indicates the long-term Z/H increase claimed 

to have a seismogenic origin. We have compared Z/H with the global geomagnetic ΣKp index 

time series. ΣKp is the daily sum of the Kp index. The 5-day running mean of ΣKp has been 

calculated in order to compare data having the same temporal resolution.  Figure 2 shows a 

close inverse correspondence between Z/H and ΣKp.  Still, a 27-day modulation induced by 

the rotation of the Sun around its axis is also evident in the Z/H time series. This indicates that 

magnetospheric effects due to the Sun-Earth interactions have not been eliminated by using 

night time data. The close inverse correspondence between Z/H and ΣKp it is clearly evident 

during the months preceding the Guam earthquake as well. What is interesting is that the slow 

increase of the polarization ratio corresponds to a slow decrease of ΣKp (see section 3.1). In 

Figure 2b we report the correlation plot between the daily values of Z/H and ΣKp. We show 

the linear relationships throughout 1993 and in the period where, according to Hayakawa et 

al. [1996], precursory signals of the Guam earthquake are present (see the shadow area in 
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Figure 2a). Note that the two linear relationships are nearly identical and have similar 

correlation coefficients. This is further evidence that the slow increase of the ratio Z/H during 

the months before the Guam earthquake was not seismogenic, but, indeed, was part of global 

magnetic-field variation. We conclude that polarization ratio analysis of magnetic data has not 

identified any precursory signature of the Guam earthquake.  

 

3.3 The long-term precursors of the 2007-2008 Peru earthquakes 

Takla et al. [2012] document anomalous long-term preearthquake changes during 2007-

2008 in the Pc3 band (22-100 mHz) of magnetic data from the Ancon station. This period 

includes two earthquakes off the coast of Peru: the 15 August 2007 M8 Pisco earthquake (180 

km from Ancon) and the 29 March 2008 M5.3 earthquake occurred (50 km from Ancon). 

Takla et al. [2012] claim that long-term preearthquake changes were present in the amplitude 

of the geomagnetic field components, as well as in the spectral polarization ratio.  

Figure 3 shows the amplitude (daily values and 10-day running mean) of the 

geomagnetic field components HPc3 (North–South), DPc3 (East–West), and ZPc3 (vertical) as 

reported by Takla et al. [2012]. They hypothesize that the long-term increase between the end 

of 2007 and the beginning of 2008 of each component was related to the 29 March 2008 

earthquake. In Figure 3, we have superposed the ΣKp index time series onto the original view. 

The figure shows a close correspondence between the amplitude of the geomagnetic field 

components and ΣKp. Thus, it is evident that the amplitude enhancements that occurred 

before the 29 March 2008 earthquake are associated to the long-term increase of the 

geomagnetic activity and not to seismicity.  
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In Figure 4 we show the polarization ratio ZPc3/HPc3 as reported by Takla et al. [2012]. 

They claim that the long-term decrease in ZPc3/HPc3 prior to the two earthquakes had a 

seismogenic origin. Also in this case, we have compared the ratio ZPc3/HPc3 with the 

geomagnetic activity level by using the ΣKp index. We have found a close inverse 

correspondence between ZPc3/HPc3 and ΣKp during 2007-2009. Note that the long-term 

ZPc3/HPc3 depressions that can be seen before the two earthquakes show a close 

correspondence with the long-term rises of the geomagnetic activity. Afterward, slow 

decreases of the geomagnetic activity causes the increases of the ratio ZPc3/HPc3 that reaches 

the pre depression level in a few months. In any case, taking into account the global averaging 

of ΣKp, we cannot expect that there is a strict correspondence between ZPc3/HPc3 and ΣKp on 

short time scale (see section 3.1). In Figures S1-S2 of the supporting information, the 

amplitude of the geomagnetic field component and the ZPc3/HPc3 ratio are compared with the 

geomagnetic Dst index and the solar wind speed, respectively. We conclude that, contrary to 

the claims of Takla et al. [2012], the long-term changes of the spectral polarization ratio, as 

well as the changes of the amplitude of the geomagnetic field components, that preceded the 

two Peru earthquakes vary much too closely with ΣKp index, Dst index, and solar wind speed 

to be considered of seismogenic origin. 

 

 Next we discuss the recent papers by Currie and Waters [2014] and Han et al. [2014] 

where the authors claim to report new findings regarding ULF magnetic precursors of 

earthquakes. 
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4. The study by Currie and Waters [2014] 

The recent report of Currie and Waters [2014] would like to provide relevant news in 

the search for magnetic ULF precursors by means of polarization ratio analysis. Here we will 

discuss their results starting from the scientific literature that motivated their study. 

 

4.1 Opposite views on ULF earthquake precursors  

According to Currie and Waters [2014], some researchers have a contradictory view 

with respect to authors that have proposed the occurrence of possible ULF seismogenic 

signatures in geomagnetic data prior to earthquakes. Currie and Waters [2014] have not 

correctly summarized the state-of-the-art in the search for ULF magnetic precursors. To be 

more precise, we concur that there are many reports of changes in ULF geomagnetic field 

data prior to earthquakes. However, we want to stress once again that evidence of the 

proposed relationship between magnetic anomalies and incoming earthquakes has never been 

provided. Conversely, in recent papers [see, e.g., Masci, 2010, 2011a, 2011b2012a, 2012b, 

2013b; Thomas et al., 2009a, 2009b] the authors have demonstrated that many of the reported 

preearthquake ULF magnetic changes are invalid precursors of earthquakes.  

As examples of the contradictory views about ULF precursors, in Figure 1 of their 

report Currie and Waters [2014] show two lists of papers. Fraser-Smith et al.[1990], 

Bernardi et al. [1991], Molchanov et al. [1992], Hayakawa et al. [1996], Yumoto et al. 

[2009], and Hasbi et al. [2011] are taken as examples of reports proposing possible ULF 

magnetic precursors of earthquakes. Campbell [2009], Masci [2011a], and a not well 

identified Masci [2012] (that is missing in the References section of Currie and Waters 
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[2014]), are taken as examples of papers whose authors have a negative view on the 

seismogenic origin of reported preearthquake ULF anomalies.  Note that the papers cited by 

Currie and Waters [2014] cannot be taken as examples showing actual magnetic precursors. 

More precisely, Hasbi et al. [2011] cannot be considered as a paper proposing magnetic ULF 

precursors just because they have reported preearthquake ionospheric changes in Total 

Electron Content (TEC) over Sumatra during 2004-2007 and not in magnetic records. Thomas 

et al. [2009a] have shown that the ULF enhancement reported by Fraser-Smith et al. [1990], 

as well as Bernardi et al. [1991], was not a convincing precursor of the Loma Prieta 

earthquake but, indeed, was an artifact due to sensor-system malfunction. The Guam 

precursor reported by Hayakawa et al. [1996] has been widely denied by Thomas et al. 

[2009b] and Masci [2011], as well as in section 3.2 of this paper. Note that Currie and Waters 

[2014] also cite other reports of alleged ULF precursors, e.g., Hattori [2004] and Hayakawa 

et al. [1999], the results of which have been demonstrated to be invalid [see Masci, 2010, 

2011a]. In summary, papers that motivated the study of Currie and Waters [2014] cannot be 

considered reliable, nor possible, examples of observation of precursory signatures of 

earthquakes in ULF magnetic data.  

 

4.2 Geomagnetic indices and ULF waves  

Currie and Waters [2014] analyze data from CARISMA (Canadian Array for Realtime 

Investigations of Magnetic Activity) and McMAC (Mid-continent Magnetoseismic Chain) 

magnetometer arrays [see Currie and Waters, 2014, Table 1]. One year (2009) of magnetic 

data from 14 stations located in the latitude range 24.80 - 69.54N and longitude range 260.40 

- 267.89E are examined in the Pc3 (22-100 mHz), Pc4 (7-22 mHz), and Pc5 (2-7 mHz) bands 
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of frequency. Currie and Waters [2014] report only the Pc3 analysis claiming similar results 

in Pc4 and Pc5 bands. They examined the correlation between the integrated power of the 

geomagnetic field trace component, the spectral polarization ratio, and geomagnetic indices, 

as well as the Kp index. The correlation coefficients between the spectral polarization ratio 

and solar wind parameters were calculated as well. In brief, they have found a poor 

correlation between geomagnetic indices and ULF waves; small correlation coefficients were 

also found between polarization ratio and solar wind parameters. What is interesting for us is 

that they have found a poor correlation between the polarization ratio and the geomagnetic Kp 

index at all magnetic latitudes and magnetic local times they investigated [see Currie and 

Waters, 2014, Figure 6]. Based on these results they conclude that the ULF spectral 

polarization ratio is independent of geomagnetic indices and may be considered a promising 

parameter for detecting precursors of earthquakes.  

We appreciate the detailed analyses reported by Currie and Waters [2014] and we agree 

with their results, that, indeed, confirm our thinking and the findings of previous studies that 

suggested a possible, but not steady, correspondence between the Kp index and ULF waves 

[see, e.g., Campbell, 1959; Jacobs, 1970; Nagata and Fukunishi, 1968; Saito, 1969]. More 

precisely, the poor correlation between local geomagnetic field changes and global 

geomagnetic Kp index variations shown by Currie and Waters [2014] is what we usually 

expect to occur at anytime and anywhere. Kp is designed to be an indicator of geomagnetic 

field variations averaged over planetary scale, and therefore it does not always necessarily 

represent local magnetic field changes. Thus, we may find just a close correspondence, and 

not a strict correlation, between the variations of Kp and fluctuations of the local geomagnetic 

field. What is more important, this correspondence is not expected always and everywhere. 
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Conversely, if it is shown that there is close correspondence between alleged ULF magnetic 

precursors and geomagnetic indices (e.g. Kp) [see Masci, 2010, 2011a, 2011b, 2012a, 2012c, 

2013c; Masci and Thomas, 2013a, 2013b], this indicates that the magnetic changes are part of 

global geomagnetic field changes and cannot be described as earthquake-related signals. 

Therefore, the real issue is not the poor correlation that Currie and Waters [2014] have found 

between local ULF magnetic changes and geomagnetic indices, but the correspondence that 

many papers have shown between ULF magnetic changes claimed to be precursors of 

earthquakes and global geomagnetic activity changes. We do not agree with Currie and 

Waters [2014] when they claim to have shown that polarization ratio is a promising parameter 

in the search for earthquake precursory signals in ULF magnetic records. Just because they 

have found that during 2009 the polarization ratio in magnetic data from CARISMA and 

McMAC magnetometer arrays are insensitive to global trends in geomagnetic activity, this 

does not mean that the polarization ratio may be taken as reliable indicator of possible ULF 

precursory signatures of impending earthquakes. Such a statement should be supported by 

actual observations of precursory signatures in polarization ratio time series. Unfortunately, 

the scientific literature of the last two decades demonstrates the opposite. Changes in 

polarization ratio and fractal properties of the geomagnetic field identified as possible 

precursors of earthquakes have been recently reviewed in many papers [see, e. g., Masci, 

2010, 2011a, 2012a, 2012c, 2013b; Masci and Thomas, 2013a, 2013b] in which the authors 

have found a close correspondence between the reported preearthquake ULF magnetic 

changes and Kp (see section 3). This shows that the reported ULF changes do not have a local 

geological origin, but a global origin in response to Sun-Earth interactions. Thus, 

preearthquake changes in polarization ratio, as well as in the fractal characteristics of the 
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geomagnetic field, cannot be considered to be independent of geomagnetic indices, as 

asserted by Currie and Waters [2014]. We agree with Currie and Waters [2014] when they 

say that the methodology adopted in these reviews identifies just qualitative similarities 

between polarization ratio and geomagnetic indices, but, this is what we really expect due to 

the global averaging of the geomagnetic indices. However, we would like to point out that all 

the ULF anomalies that were claimed to be earthquake precursors were recognized just by a 

visual inspection of magnetic time series, as well as the spectral polarization ratio, and, what 

is more important, their seismic origin have never been demonstrated.  

We conclude that real and reproducible earthquake-related disturbances in magnetic 

polarization ratio time series must be  identified in order to say that it is a promising 

parameter for detecting earthquake precursory signals. Currently we do not see any actual 

precursor in polarization ratio time series reported in scientific literature, as well as in Currie 

and Waters [2014]. Note that Currie and Waters [2014] do not show any comparison between 

ULF magnetic data and earthquakes.  

 

4.3 Data Averaging  

Currie and Waters [2014] pay attention to the practice of data averaging used in many 

reports [see, e.g., Masci, 2011, 2012a], as well as in section 3 of this paper. We agree with 

Currie and Waters when they assert that over-smoothing makes correlation coefficients 

meaningless. However, ULF magnetic data in which alleged precursors were identified are 

usually smoothed to remove high frequencies [see, e.g., Hayakawa et al., 1996; Takla et al., 

2012]. Thus, in reanalyzing these precursors and to compare data having the same temporal 

©2015 American Geophysical Union. All rights reserved.



 20 

resolution, geomagnetic indices were low-pass filtered using the same smoothing procedure 

adopted for the original magnetic records [see, e.g., Masci, 2010, 2011a, and here section 3]. 

In any case, according to Currie and Waters [2014, Figure 9], a running average having a 

relatively small window size does not significantly affect the linear Pearson correlation 

coefficient between ΣKp and the Pc3 spectral power. In Figure 9 of their paper, the 

correlation coefficient is seen to increase if the window is greater than 100 days and 

approaches unity if the window is about 200 days. Note that a window of a few days is 

typically used in papers where alleged ULF magnetic precursors are reviewed [see, e.g., 

Masci 2010, 2011a]. Therefore, the findings of these reviews were not significantly 

influenced by data smoothing. 

  

 The importance of Currie and Waters [2014] is that this paper continues to motivate 

researchers searching for precursory signals in ULF polarization ratio time series although to 

date no actual precursor has been reported in the scientific literature. Unfortunately, papers 

where a misinterpretation of the obtained results leads the authors to unfounded conclusions 

continue to be published. For example, Schekotov and Hayakawa [2015], despite the recent 

literature [see, e.g., Masci, 2010, 2011a], did not consider the geomagnetic activity as possible 

source of the observed preearthquake magnetic changes that they claim to be of seismogenic 

origin. In the supporting information (see Text S1 and Figure S3) we report a brief comment 

on Schekotov and Hayakawa [2015]. 
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5. The statistical analysis by Han et al. [2014] 

 Han et al. [2014] report a statistical analysis of ULF geomagnetic field data from the 

Kakioka Observatory in Japan. By means of Superposed Epoch Analysis they claim that 

during 2001-2010 there is a statistical significance in magnetic anomalies that appear 6-15 

days before 50 earthquakes. They conclude that ULF seismo-magnetic phenomena may be 

useful in the context of short-term earthquake prediction.  Note that Han et al. [2014] is 

another example of a paper that failed to cite the recent literature on the reliability of ULF 

magnetic precursors. Instead, in support of their study, they referred to many papers not 

reporting any actual magnetic ULF precursors. In Table S2 of the supporting information 

there are some of these papers and the corresponding rebuttal reviews. For instance, in 

support of their findings, Han et al. [2014] cite the study by Kon et al. [2011] where the 

authors use SEA in the search for ionospheric precursors. Note that, as reported by Masci 

[2012d], the statistical analysis of Kon et al. [2011] is not reliable since it may be seriously 

influenced by global geomagnetic events.   

In our opinion, Han et al. [2014] present some weak points that cast serious doubts on 

the reliability of their results. Here we report our remarks starting with the seismic data they 

used.   

 

5.1 Seismic data 

Based on the idea that the detection of possible ULF seismogenic signals may depend 

on the distance between the magnetic station and the earthquake hypocenter, Han et al. [2014] 
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introduce the daily index  ∑
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5.18.410  where Mi is the magnitude of the ith  earthquake 

occurred in a day, and ri is the distance between its hypocenter and the observation site. They 

argue that Es is the seismic energy received at the magnetic station per day. More specifically, 

for earthquakes that occurred in the same day they consider just a single event, defined 

earthquake event, whose energy received at the magnetic station is the sum of the energies of 

each earthquake that occurred that day. According to Han et al. [2014], preseismic ULF 

disturbances generated by an earthquake event may be observed in a magnetic station when 

Es exceeds 108. With this in mind, during 2001-2010 they identify 50 Es>108 earthquake 

events associated with earthquakes (magnitude from 4.4 to 6.3) that occurred within 100 km 

from the observatory of Kakioka (Region A). An additional 50 Es>108 events associated with 

earthquakes (magnitude from 4.9 to 7.0) that occurred in the area from 100 to 216 km from 

Kakioka (Region B) are selected in order to investigate the dependence of the ULF anomalies 

with the distance from the epicenter. The magnitude is expressed in term of Japan 

Meteorological Agency (JMA) scale. Refer by Han et al. [2014, Figure 2, Tables 2 and 3] for 

the spatial distribution and details of the Japanese earthquakes.   

Our first remark concerns the Es>108 earthquakes selected in Region A and B. In our 

opinion, the two dataset do not include earthquakes having similar characteristics that make 

appropriate their comparison. Salah and Zhao [2004] report a case study of Moho (the 

boundary between Earth’s crust and mantle) mapping in South-West Japan, in the region 

between latitude 33°-37° N and longitude 133°-137°E. They found crustal thickness ranging 

between 29 and 32 km. Previous studies [Ashiya et al., 1987; Zhao et al., 1992] revealed 

comparable values of Moho depth in Central Japan, whereas values exceeding 40 km are 
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found only in limited areas (e.g., Chubu District). We note that the majority of the 

earthquakes in Region A [see Han et al., 2014, Table 2] were generated in the upper mantle, 

while earthquakes in Region B [see Han et al., 2014, Table 3] are mostly divided between the 

crust and the upper mantle. The two earthquakes dataset they reported, while including only 

shallow earthquakes, that is, earthquakes having hypocenter depth <70 km  [Lay and Wallace, 

1995], do not distinguish between earthquakes that occur in the crust and earthquakes in the 

upper mantle. The different chemical, physical, and rheological properties of these two layers 

of the Earth’s lithosphere suggest us that the generation mechanisms of possible 

electromagnetic signals may be different for crustal earthquakes and earthquakes in the 

mantle. Thus, it is reasonable that, if ULF magnetic signals are generated in the crust and in 

the mantle before earthquakes, these signals may have different properties, e.g., they may 

differ in frequency. According to Han et al. [2014] all the possible precursors should appear 

in an unspecified narrow frequency band around 10 mHz, irrespective of the tectonic and 

geodynamic context of their source. 

Now we are going to discuss the Es index. In our opinion the definition of earthquake 

event is highly questionable. Han et al. [2014], as well as Hattori et al. [2006, 2013] to which 

they refer, do not explain how this index may have a physical relationship with possible 

magnetic ULF precursory signals. Es is designed to represent the daily sum of the mechanical 

energy released by each earthquake that occurred in a day weighed by the square of the 

hypocenter distance. In Es the mechanical energy of the earthquake is estimated by means of 

the Gutenberg Richter magnitude-energy relation [Gutenberg and Richter, 1956] expressed in 

joules, where the Richter magnitude is replaced by the JMA magnitude. Although Han et al. 

[2014] do not consider any generation mechanism for the ULF preearthquake changes they 
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observed, the use of  Es index implies a relationship between the mechanical energy released 

during the earthquake and the electromagnetic energy of possible ULF magnetic precursory 

disturbances. If we accept this hypothesis, ULF preseismic disturbances should be  generated 

in the focal region of the earthquake, then larger coseismic signals (that we do not see in Han 

et al., 2014) should appear during the earthquake when the primary mechanical energy is 

released. See also in section 1 the discussion on preparation zone of earthquakes.  

As a last remark, we would like to point out that it is also highly questionable that 

earthquakes occurred in the same day can be considered as a single event. This assumption, 

indeed, implies that: i) the sum of the observed electromagnetic energy of possible precursory 

disturbances of many small earthquakes that occur in one day should be comparable with the 

observed electromagnetic energy of possible disturbances generated by one, or a few strong 

earthquakes that occurred in another day; ii) possible precursory effects of earthquakes that 

occurred in one day should be detected during the same day. We think that this scenario is not 

realistic.  

 

5.2 Magnetic data and anomalies 

Han et al. [2014] investigate the possible occurrence of ULF anomalies preceding 

earthquakes in magnetic field data from Kakioka (KAK) observatory. Data from Kanoya 

(KNY) observatory are taken as reference model to remove global geomagnetic disturbances 

since, as the authors claim, KNY station is located in an aseismic area.  Even if a quick look 

at the Japan Seismicity Map (http://www.japanquakemap.com/) shows that Southern Japan is 

affected by a seismicity lower than that in the central and northern sectors, recently published 

papers [see, e. g., Matsubara et al., 2008] show a significant concentration of seismicity in 
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this region that, indeed, in the last 3 years was struck by more than 15 M>5 crustal 

earthquakes. Therefore, the statement that the KNY observatory is located in an aseismic area 

is not exactly correct. Still, the station of KNY (31.42° N, 130.88° E) is about 1000 km from 

Kakioka (36.23° N, 140.12° E). Due to the large distance between the two sites, we do not 

agree that KNY may be considered as a reference station in order to remove the effect of 

global geomagnetic activity, since global ULF disturbances may have different amplitudes in 

distant stations [Campbell, 1997]. The majority of ULF signals come from the interplanetary 

space and magnetosphere; some of these signals have a worldwide extension, whereas others 

could have latitude dependence [Samson et al., 1971]. Note the different latitude of KAK and 

KNY observatories.  

Han et al. [2014] analyze 1Hz geomagnetic data measured during nighttime (LT 2:30-

4:00). They calculate the daily averaged energy of the geomagnetic field vertical component 

Z around the frequency of 0.01 Hz. Based on the idea that KNY is located in aseismic area, 

they assume that the variation of the energy ZKNY at KNY is mostly related to global 

geomagnetic activity contrary to the energy ZKAK at KAK that may be influenced by 

seismogenic disturbances. In order to identify magnetic anomalies, they consider the 

predicted energy Z*
KAK at KAK modeled by calculating the linear relationship between the 

energy of the Z component at KAK and KNY during 2001-2010. According to them, the 

comparison between ZKAK and its linearly modeled Z*
KAK by means of the ratio *

KAK

KAK

Z
ZP = may 

isolate seismogenic regional magnetic anomalies. In their Figure 7, Han et al.  [2014] report 

the distribution of P during 2001-2010. The figure shows that the majority of the P values are 

around 1. This means that modeled and observed energies at KAK are usually similar. Han et 
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al. [2014] define a magnetic anomaly when P > m + 1.5IQR, where m is the median, and IQR 

is the interquartile range of the P distribution [see Han et al., 2014, section 4 for details]. By 

means of this method they isolated 324 days during 2001-2010 in which there was an 

anomalous increase of the P ratio.  

 

5.3 Superposed Epoch Analysis 

To investigate the possible seismogenic origin of the P anomalies they identified, Han 

et al. [2014] use Superposed Epoch Analysis (SEA), a statistical method that highlights weak 

periodic signals. More specifically, for each of the 50 earthquakes selected for Region A, they 

consider P anomalies during the period from 45 days before to 45 days after each earthquake, 

and then they apply SEA. To verify the statistical significance of their analysis, SEA is 

repeated for 50 randomly chosen days. Still, the random test is repeated 100,000 times for 

calculating the mean value µrandom of the P anomalies and the corresponding standard 

deviation σ. In Figure 5 we show SEA for the Region A as reported by Han et al. [2014, 

Figure 8].  According to them there is statistical evidence that P anomalies occurred in Region 

A during the two periods 6-10 and 11-15 days before the earthquakes date.  

Let us now to discuss the results of Han et al. [2014]. Here, we pay attention on the P 

anomalies counted in 5-day intervals that, as the authors pointed out, show more stable 

values. In Figure 5, gray bars and the green line refer to 5-day counted P anomalies and the 

corresponding µrandom+2σ, respectively. The authors noted that during 6-15 days before the 

earthquake the 5-day P anomalies exceed µrandom+2σ. As a consequence, according to them, 

there is statistical significance that the magnetic anomalies identified during this period were 
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of seismogenic origin. Let us say that there is no physical reason that in Figure 5 the green 

line represents the “normal background” for magnetic anomalies, whatever might be their 

origin, above which seismogenic signals may be isolated. Still, we note that µrandom+2σ is 

about 33 counts and the counted anomalies during the two periods 11-15 and 6-10 days before 

the earthquake are 39 and 36, respectively. In our opinion, these small differences of 6 and 3 

counts (a deviation of 18% and 9%) from the assumed background µrandom+2σ cannot support 

that the P anomalies identified 6-15 days before the earthquakes had seismogenic origin.  

If we assume that ULF magnetic seismogenic signals actually appear before 

earthquakes, there is no physical reason that the P anomalies must show periodicity in a 

restricted time range (e.g., 11-15 days) before the main shock. This hypothesis is highly 

questionable since earthquakes occurred in an area having a radius of 100 km were generated 

by different fault zones, and thus it is unlikely that they might share similar precursory phases 

[see Masci et al., 2015]. Still, what is the physical mechanism that would generate 

electromagnetic signals just a few days before the earthquake? Han et al. [2014] conclude that 

generation mechanisms for the anomalies they reported are being studied. We note that this 

conclusion is common to many papers published in the last 50 years. At the hypocentral 

depth, the level of the local stress does not significantly change even during the period prior 

to the shock [Lay and Wallace, 1995]. High-resolution borehole strain and pore pressure 

measurements in active fault areas do not indicate a significant precursory stress increase 

during the days before the earthquake [Johnston et al., 2006b]. In addition to that, as 

previously reported, recent laboratory experiments on fluid-saturated rock samples do not 

support the hypothesis that electromagnetic signals are generated prior to earthquakes [see 

Dahlgren et al., 2014]. Conversely, coseismic electromagnetic effects are observed during 
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earthquakes [Johnston et al., 2006a]. What is very surprising in the study of Han et al. [2014], 

indeed, is the lack of coseismic signals. As previously reported in section 5.1, since the Es 

index implies a relationship between the mechanical energy released during earthquakes and 

possible ULF magnetic precursors, the magnetic signals that Han et al. [2014] hypothesize to 

occur before the Japanese earthquakes should be  generated in the earthquake focal region.  In 

our opinion, this should result in the appearance of larger coseismic signals identified by 

SEA.   

According to Han et al. [2014] there is no statistical evidence that ULF precursors 

possibly generated by the 50 selected earthquakes in Region B were observed at KAK. This 

should demonstrate that the detection of seismogenic anomalies depends on the distance of 

the magnetic station from the earthquake epicenter. In our opinion, this conclusion is 

unsupported, since, as we have previously emphasized in section 5.1, the two sets of 

earthquakes do not have comparable characteristics.  

Our last remark concerns the threshold value of Es=108 above which the ULF anomalies 

have a statistical significance. According to Han et al. [2014], using thresholds < 108 the 

statistical significance decreases as the threshold decreases. Note that by decreasing the Es 

threshold from 108 to 105, the number of earthquakes that they used in SEA increases from 50 

to 1440.  Thus, since the number of magnetic anomalies identified during 2001-2010 remains 

constant (324), by increasing the number of earthquakes, SEA necessarily provides results 

that are increasingly flat as can be seen in Figure 11 of Han et al. [2014]. 
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6. Conclusions 

We have reviewed the reports of Currie and Waters [2014] and Han et al. [2014] on 

ULF magnetic precursory signals. The report by Currie and Waters [2014] seems to promise 

new findings in the search of precursors in spectral polarization ratio time series. In our 

opinion, Currie and Waters [2014] have not provided any evidence that supports the idea that 

the magnetic polarization ratio may be considered a valid method for identifying earthquake 

precursors, since they have not shown any valid earthquake precursors in magnetic 

polarization ratio time series. We agree with Currie and Waters [2014] that geomagnetic 

indices may not be satisfactory predictors of ULF activity, but, at the same time, the 

polarization ratio cannot be considered a useful parameter to detect possible seismogenic 

signals independently of geomagnetic activity. We are motivated to reiterate our findings and 

overall position on precursors. A necessary, but at the same time not sufficient, requisite in 

the search for magnetic ULF precursors is to take into account the variation of the global 

geomagnetic activity, which may induce change in local magnetic parameters. Therefore, 

global geomagnetic indices help us to avoid erroneous interpretations of normal geomagnetic 

signals. In any case, in order to be useful for earthquake prediction, the seismogenic origin of 

magnetic anomalies that are unrelated to geomagnetic indices must always be demonstrated, 

not just conjectured.  

We have also discussed the statistical study by Han et al. [2014]. We think that the Es 

index they proposed is not useful to identify earthquakes that may have been preceded by 

magnetic anomalies. We do not see, indeed, any evidence that may support a possible 

relationship between the mechanical energy released during the earthquake and the 

electromagnetic energy of possible precursory signals. In our opinion, the Superposed Epoch 
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Analysis reported by Han et al. [2014] does not show any actual (nor possible) preseismic, as 

well as coseismic, ULF magnetic phenomenon for Japanese earthquakes that occurred during 

2001-2010. Thus, we find no evidence to support their conclusion that this method could be 

used in the future to predict earthquakes.  

Contrary to the opinion of Currie and Waters [2014] and Han et al. [2014], we 

conclude that at present the investigation of ULF geomagnetic field data cannot be considered 

a promising way in the search for magnetic precursors of earthquakes. Of the preearthquake 

ULF changes reported to date, none of these have been proven to be successful observations 

of magnetic earthquake precursors. Instead, many of these preearthquake changes have been 

shown to be invalid precursors.  Claims of earthquake precursors should be seriously 

examined for their reliability, and precursors that are shown to be invalid should not be 

referred to as good candidates for earthquake prediction [Masci, 2011b]. More than fifty years 

since the publication of Moore [1964], in which, however, many public funds have been used 

to search for magnetic precursors of earthquakes [Campbell, 1998], we do not see significant 

progress in this field.     
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Figure 1. The empirical relationship proposed by Hattori et al. [2004] (see Febriani et al., 

2014, Figure 10) between the earthquake magnitude and the distance from the epicenter of the 

ULF station where the preseismic anomaly was observed. The Biak earthquake has been 

included as reported in the original view of Hattori et al. [2004]. Note that the relationship 

was derived mainly using invalid ULF precursors (see Table S1).   

Figure 2. Polarization ratio analysis at the time of the 8 August 1993 Guam earthquake. a) 5-

day running means of the polarization ratio Z/H and the geomagnetic index ΣKp for 1993. 

The shadow area refers to period of the occurrence of alleged precursory signals. The yellow 

solid line indicates the long-term increase in the Z/H ratio claimed to have a seismogenic 

origin by Hayakawa et al. [1996]. b) correlation plot between the daily values of Z/H and 

ΣKp. See text for details. 

Figure 3. Daily values (blue line) and 10-day running mean (red line) of the amplitude of the 

geomagnetic field components H, D, and Z in the Pc3 band of frequency as reported by Takla 

et al.[2012, Figure 9] at the time of the 2007-2008 Peru earthquakes. The ΣKp index ±5-day 

running mean is superposed onto each panel of the original view. See text for details.  

 

Figure 4.  Polarization ratio analysis as reported by Takla et al. [2012, Figure 10] at the time 

of the 2007-2008 Peru earthquakes. The ΣKp index ±5-day running mean is superposed onto 

the original view. See text for details. 

 

Figure 5.  Superposed epoch analysis of P anomalies as reported by Han et al. [2014, Figure 

8] for Region A. The blue, the black, and the red lines refer to the counted P anomalies, 

µrandom, and µrandom + 2σ, respectively. The gray bars and the green line refer to P anomalies 
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counted in 5-day intervals and the corresponding µrandom + 2σ, respectively. The vertical black 

line indicates Es>108earthquake at the Observatory of Kakioka. 
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