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Abstract:

 A network of low frequency electromagnetic detectors has been operating in Central Italy for more than three years, consisting of identical instruments that continuously record the electrical components of the electromagnetic field, ranging from a few Hz to tens of kHz. These signals are analyzed in real time and their power spectrum contents and time/frequency data are available online. To date, specific interest has been devoted to searching for any possible electromagnetic features which correlate with seismic activity in the same region. In this study, spectral analysis has evidenced very distinct power spectrum signatures that increased in intensity when strong seismic activity occurred near the stations of the 2009 L'Aquila earthquake. These signatures have revealed horizontally oriented electric fields, between 20 Hz to 400 Hz, lasting from several minutes to up to two hours. Their power intensities have been found to be about 1 μV/m. Moreover, a large number of man-made signals and meteorologic electric perturbations were recorded. Anthropogenic signatures have come from power line disturbances at 50 Hz and higher harmonics up to several kHz, while radio transmissions have influenced the higher kHz spectrum. Reception from low frequency transmitters is also provided in relation to seismic activity. Meteorologic signatures cover the lower frequency band through phenomena such as spherics, Schumann resonances and rain electrical perturbations. All of these phenomena are useful teaching tools for introducing students to this invisible electromagnetic world.
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1. Introduction

Instrumental studies of earthquake electric phenomena began in the 1800s in Italy [1,2]. These studies were inspired by several observations reported in 18th century collections of earthquake phenomena [3,4], thanks to the pioneers of electricity in Italy at that time, as well as the inventions of instruments to record electric and magnetic fields [5]. The developments of earthquake predicting tools began at that time [6] and continued through the next century [7,8]. At that point, however, many inventors ceased to proceed because their studies were founded on the recently rooted and therefore not yet fully applied Electromagnetic (EM) theory, which contrasted with the nascent science of seismology founded on the existing inertial theory [9]. Yet, during the same years the first radio was being built, opening up an intense study on EM sources, propagation and absorptions [10]. These contributions have provided us with a set of well suited methods to address the EM study of every system, allowing for the possibility to revisit old efforts with the benefit of current EM theory.

Magnetic observations made in connection with strong earthquakes, from Immanuel Kant's writings [11] to the Edo earthquake [12], have all sustained further studies. In fact, magnetic phenomena associated to earthquakes and volcanic eruptions have been widely studied in Japan [13] and the U.S. utilizing highly sensitive instruments [14]. Some noteworthy results in the Ultra Low Frequency (ULF) band regarding very strong seismic events include the Alaska earthquake in 1964 [15] and other earthquakes which occurred near magnetic network observatories [16]. However, different interpretations for the observed ULF anomalies though a controversy erupted over their connection to the seismic events [17,18]. Furthermore, recent studies have revealed long period magnetospheric oscillations at discrete frequencies due to solar wind velocity variations, which can occur at medium latitudes [19]. Recently, efforts to follow up observations of ULF activity have been reported in Italy [20] and by QuakeFinder [21]. The QuakeFinder Network, which consists of over 50 sites in California and Peru, 15 of which are high-resolution systems, have documented increases in ULF pulse activity preceding nearby seismic events, followed by decreases in activity [21,22].

Continuous long-term EM monitoring is necessary for obtaining reliable results regarding correlations with seismic activity [23]. Here, a simple and economical recording system is proposed which is currently operative at the eight stations of the Central Italy Electromagnetic Network (CIEN). Historical observations of electric phenomena and earthquake lights (EQL) stemming from the 18th century [24–28], initially stimulated electric investigations with earthquakes. Furthermore, given that recent magnetic recordings have not provided definitive confirmation of an earthquake link, the CIEN has chosen to record the EM field via its electric component. The chosen frequency bands were in the Extremely Low Frequency (ELF) and the Very Low Frequency (VLF) ranges, for which some recent results have shown several anomalies with earthquakes [29,30].

The next section is devoted to the signals and their descriptions in connection to different phenomena. A particular and intense type of signal was recorded on the occasion of the 2009 L'Aquila earthquake; the strongest quake in Italy since CIEN began operating. This signal is analyzed to illustrate the CIEN capacity. CIEN will be described in the third section together with its instruments, so that a quantitative evaluation of previously described signals can be given. Because a single sensor is capable of detecting electric fields at several frequency bands, different types of electromagnetic perturbations observed with earthquakes [23] must be considered in this paper. The fourth section is devoted to summarizing, even if not statistically significant yet, the characteristics of the recorded signals and natural or anthropogenic phenomena.



2. CIEN Recordings and Their Discussion

The first CIEN station began operating in San Procolo, near the city of Fermo, in the Marche Region in 2006, hereinafter, referred to as the Fermo Station. The Fermo Station was initially set up with an ELF-VLF (10 Hz–5 kHz) amplifier and a long-wave radio receiver tuned at 150 kHz. The electrode and the antenna were oriented along a North-South (N-S) direction. After four years of experimentation with several types of low frequency wide band amplifiers, the Fermo station was uniformed in 2010 to the other EM stations by substituting the radio receiver and the amplifier with a couple of ELF (4 Hz–1 kHz) inverting amplifiers where electrodes were set perpendicular to each other and oriented along N-S and East-West (E-W) directions. A second station began operations in Perugia, in the Umbria Region in 2008 with the same two amplifiers. From summer 2010 onward, two other stations began operating in Zocca, near Modena, in the Emilia Romagna Region in August 2010, and in Capitignano, near L'Aquila, in the Abruzzo Region in September 2010. In January 2011, the Chieti Station was activated at the University of Gabriele D'Annunzio, in the Abruzzo Region. In February 2011 the Siena Station began recording in the Tuscany Region. In March 2011, the Fagnano Station, near L'Aquila, in the Abruzzo Region, was activated. From October 2011, the Rieti Station has been activated in the Lazio Region. From April 2011, all of the eight stations shown in Figure 1 were updated to also record VLF (1–25 kHz) signals, while from June 2011 onward, a frequency band extension test started at the Chieti Station which is also operative in the ULF (0.04–4 Hz) and Low Frequency (LF) (25–100 kHz) bands.

Figure 1. The geographical distribution of the eight Central Italy Electromagnetic Network (CIEN) stations (red crosses) on a Google Map [31].
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2.1. CIEN Data

Stored data are available in two formats: wave files for recovering the complete time evolution of the signals, and jpeg files for saving the dynamical spectrum of the signals. Each specific band has its own jpeg file. Figure 2 shows the time and dynamical spectrum of the signals from one antenna at the Perugia Station. The white line in the blue band at the top of Figure 2, is the time amplitude evolution of the entire signal over a period of slightly more than one hour of recording and the vertical dotted lines indicate a five-minute intervals. The center of the plot shows the dynamical spectrum of the same signal in VLF band. Here, the vertical axis corresponds to the signal frequency in a linear scale in the range 1 kHz–25 kHz. The bottom part of the plot is the dynamical spectrum of the same signal in ELF band and, in this case, the vertical axis corresponds to the signal frequency in a logarithmic scale in the range 4 Hz–1 kHz. Logarithmic and linear scales of the spectrograms were chosen to better evidence the anomalous signals. In both of the spectrograms, power intensity is represented by different colors and measured in dB.

Figure 2. Top: the time evolution of the complete signal on 31 July 2011, from 7:09 am to 8:29 am, E-W antenna as recorded in Perugia. Middle: the corresponding spectrogram of the very low frequenct (VLF) band with the signal transmitters indicated. Bottom: the spectrogram of the extremely low frequency (ELF) band.
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The strong spikes in amplitude which clearly appear in the time evolution of the signals are the strongest structures. These are evident on the ELF plot as vertical lines covering the entire frequency band, and characterized by high intensity. These are EM waves produced by lightning bolts not too far from the station [32]. Figure 2 describes a high pressure meteorological situation in the Mediterranean Sea, where sporadic perturbations occur more than 200 km away. The same spikes are limited on the VLF band, suggesting that the frequency spectrum is progressively cut by a band-pass filter over increasing distance. The green bands in both the ELF and VLF represent the numerous lightning strikes that occurred at distances of thousands of kilometers in the tropics [32].

Horizontal thin lines on the ELF represent the power supply network emission and correspond to 50 Hz with upper harmonics; these lines cover the natural signals up to about 4 kHz in the VLF band. Other less defined horizontal green/blue lines appear below 50 Hz and increase in width for lower frequencies near 10 Hz; these are known as Schumann Resonances [33]. The Earth surface and ionosphere are two conducting regions which reflect EM waves of sufficiently long lengths. Between the Earth and the ionosphere there is a closed volume where EM waves are weakly absorbed and create interference. Lightning activity is the EM source in this volume. Schumann resonances are the natural oscillations of the EM field inside the Earth-ionosphere cavity [33]. The finite frequency selection occurs at about 8, 14, 20, 26, 32, 37 and 43 Hz [33], the first resonance not always being visible as in this case. The slight contractions in the large green bands for both ELF and VLF are triggered by the ionospheric modulation due to sun illumination [34]. Finally, three gray spots, high in ELF spectrum, reflect the sub-ionosphere transmission channel modulation for VLF signals of distant lightning origins. This phenomenon is less evident in the green band of VLF.

Geometric squares on the bottom of the VLF plot reflect harmonic modulation of power line absorption, which combine odd or even harmonics to change the appearance of the plot by way of a duty cycle lasting up to four minutes. Many distinct thin horizontal lines are also present on VLF, reflecting the carrier waves of VLF transmitters which are in some cases non-continuous. Identifiable transmitters are indicated by white arrows and include [35]: Alpha 500 kW radio navigation system in Novosibirsk, Krasnodar and Khabarovsk, Russia at 11.905 kHz, 12.649 kHz and 14.881 kHz; 400 kW in Rosnay, France at 15.1 kHz and 21.75 kHz; 100 kW in Matotchkinchar, Russia at 18.1 kHz; 400 kW in Anthorn/Skelton, England at 19.6 kHz and 22.1 kHz; 400 kW in Saint-Assise, France at 20.9 kHz; 800 kW in Rhauderfehn, Germany at 23.4 kHz; 1,000 kW in Culter, Maine at 24.0 kHz and 192 kW in Seattle, Washington at 24.6 kHz. The 16 kHz signal is an emission from the photovoltaic power facility at the Perugia Station, which runs during daytime, and overlies the 45 kW VLF transmitter located in Kolsas, Norway, at 16.4 kHz.



2.2. ELF Anomalies Recorded During the L'Aquila Earthquake and Other Seismic Activity

During the swarm of the L'Aquila earthquake in 2009 only two stations were running, the Fermo and Perugia Stations [36]. The Fermo Station had been active from mid-2006, and provided several examples of unknown signals with a similar frequency spectrum as observed after the main shock. Even though the Perugia Station had been active for less than one year, the same anomalies seen in Fermo were also present in Perugia, about 100 km north of L'Aquila, during the weeks before and after the main shock. The N-S antenna spectrogram from Perugia around the time of the main shock, at 3:32LT on 6 April 2009 [37], is plotted in Figure 3. Here, an intense oscillation is shown, ranging from 50 to 150 Hz, beginning about 20 min after the main shock and lasting for about 15 min.

Figure 3. Example of the power spectrum of the ELF band recorded at the Perugia Station on 6 April 2009, from 3:25LT to 4:14LT; an oscillation began at about 3:46LT becoming more evident at about 3:54LT; power spectrum intensity scale is shown on the bottom left.
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A similar signature was seen before the main L'Aquila shock also in Perugia recordings; see the spectrograms already presented for Perugia, and Fermo [36,38]. A strong signal recorded by the N-S antenna in Fermo on 2 April 2009, at about 7:50LT, is shown in Figure 4. These oscillations have similar frequencies to those in Figure 3, ranging between 20 and 200 Hz. Moreover, the duration of the signal is about 8 min, as well, weaker traces of it appearing minutes before and after the strong phase. Figures 3 and 4 share another significant similarity: their frequencies increase at the beginning, but decrease toward the end. However, no time correspondence was found between the signals of the two stations, indicating that they are of local origin. The signatures appeared nearly always on only one antenna of each station and when appearing in both antenna directions the two signatures were always different. Unlike Figure 2, the frequencies of the spectrograms in Figures 3 and 4 reach 2 kHz and their time vertical grids, represented by white dashed lines, are two minutes and one minute respectively. Furthermore, the amplitude color scales of Figures 3 and 4 are not the same as in Figure 2.

Figure 4. The spectrogram for the ELF band recorded at Fermo Station on 2 April 2009, from 7:33LT to 7:53LT; the principal phase oscillation began about 7:46LT while traces appeared at about 7:37LT; power spectrum intensity scale is shown on the bottom left.



[image: Geosciences 01 00003f4 1024]





A longer term overview of the ELF data shows that similar signals also appeared in the local records several months before and after the main shock. For this, the time evolution of signal amplitudes and time lengths were studied. Calculating the daily maximum duration of the electric oscillations and plotting their distributions months before and after the April 2009, no association was evidenced with the times of main L'Aquila shocks. On the other hand, plotting the daily maximum power spectrum amplitudes of the oscillations shows a maximum near 6 April 2009. The Fermo Station amplitude distribution, between October 2008 and February 2010, is shown in Figure 5. Here, there is a trend toward increasing amplitudes over the course of six months before April 2009, the month of the L'Aquila earthquake. Red bars indicate the magnitude of the seismic events occurring in Central Italy when Dobrovolsky radius [39] is greater than the distance from the Fermo Station. The maximum amplitude power spectrum remained elevated from the end of March to mid June 2009, while during the same period all of the principal M > 5 aftershocks of the L'Aquila event occurred [37]. Afterwards, ELF maximum amplitude had a slow decline. Perugia recordings reached a maximum during the same period, even if this station had only been activated recently and was not running full-force, thereby leading to gaps in the data.

Figure 5. The maximum amplitude power spectrum in dB of oscillations in ELF band recorded at the Fermo Station between 12 October 2008, and 28 February 2010. Yellow bars refer to data influenced by meteorology while red bars indicate strong earthquakes in Central Italy.
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2.3. VLF Network Applications for Earthquake Study

CIEN has been recently updated in the VLF band, in order to obtain EM monitoring of ionospheric effects of earthquakes [23]. Use of a VLF transmitter monitoring in connection with strong earthquakes has been studied by several authors over the last two decades, recently leading to an international cooperation which includes a network that covers the whole of Europe [29]. The project aim is to monitor the sub-ionospheric channels between VLF radio transmitters and receivers. In fact, sub-ionospheric channels, which are above the preparation zone of a future strong earthquake, have been observed in several cases preventing the transmissions many days before the main shocks. An example of daily carrier wave amplitude of Alpha transmitters is shown in Figure 6. The steps in amplitudes at about 7UT and 18UT indicate the terminator passage which is associated with ionosphere changes in the signal propagation, whereas, the steps time distance was also studied in connection with earthquakes [40].

Figure 6. VLF Alpha transmitter amplitude vs. UT at 14.881 kHz from the Siena Station on 29 April 2011. Terminator times appear indicated by arrows.
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Each station can be composed of multiple receivers tuned to different transmitters so as to monitor sub-ionospheric channels in different directions. A network of stations is thus able to achieve complete monitoring. For this reason, the instrument described here has some inherent advantages. First, as it uses a wide band amplifier, just one instrument permits to observe many transmitters simultaneously. Second, a software solution can be used to separate the different transmitter's signals. To further raise the number of reached transmitters the CIEN, frequency bandwidth was increased to 100 kHz of the LF band. The Chieti Station had already been modified this way and a corresponding LF spectrogram is shown in Figure 7. The set of all sub-ionospheric channels is indicated on the right of Figure 7. The Chieti Station receives LF signals from [35]: Bafa, Turkey, 26.7 kHz; Kaliningrad, Russia, 30.3 kHz; Niscemi, Italy, 45.9 kHz; Maraton, Greece, 49.0 kHz; Irkutsk, Russia, 50.0 kHz; Anthorn, England, 60.0 kHz; La Règine, France, 62.6 kHz; Kerlouan, France, 65.8 kHz; Moscow, Russia, 66.6 kHz; Lintong, China, 68.5 kHz; Prangings, Switzerland, 75.0 kHz; Mainflingen, Germany, 77.5 kHz; Inskip, England, 81.0 kHz; and others not well localized yet.

Figure 7. (a) The power spectrum of the LF band recorded at the Chieti Station on 7 July 2011, from 11:49 to 12:30LT. Carrier waves of LF transmitters are indicated by white arrows and the power spectrum intensity scale is shown on the bottom left; (b) The set of monitored sub-ionospheric channels, VLF in yellow and LF in red, from the Chieti Station with the transmitters are depicted on a Google Map [31].
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Several sub-ionospheric signals from different VLF transmitters overlap along the same channels, which is an important feature of a reliable system that is able to verify a single channel perturbation from at least two signals. Additionally, different CIEN stations are able to recognize overlapping along the same direction with the transmitter. This redundancy is necessary for determining the correct functioning of the transmitting stations. Finally, both the multiple signals from different distant transmitters along the same channels and the crossing channels realized by CIEN can also aid in determining the distance of perturbation from the stations, in order to better indicate the critical region.



2.4. ELF and VLF Signatures Related to Meteorological Activity

Rain and thunderstorms strongly influence the ELF band. This is because strong movements of electric charges in the clouds are associated to meteorological perturbations that influence this electric field band [41]. A recording of a thunderstorm above the Capitignano Station is shown in Figure 8. Being that the time evolution moves rightward on the plot, it is possible to see that the arrival of rainfall is associated with an increase in spherics, in both number and intensity. Such increases are determined by lightning bolts and inter-cloud discharges as they approach the station. When rainfall begins at the Capitignano Station, a 30 dB increase in power continuously fills the whole spectrum until the end of rainfall. This is the electrical charge of raindrops falling from thunderclouds [42] and striking the wire antenna. Frequently, the power spectrum amplitude increases to more than 40 dB and polarity of electric perturbations changes during rainfall, as charges can increase with raindrop dimensions and a change in the sign of the charge [42]. The signal amplitude of Figure 8 appeared principally negative during the first five minutes, while it became positive over the subsequent five minutes, initially indicating positively and then negatively charged raindrops, according to inverting amplification. During rainfall, only power supply harmonics remain visible on the spectrum, while other natural signals are hidden by these perturbations. The plot in Figure 8 shows a rare case of oscillations before and/or after rainfall similar to those seen in Figures 3 and 4; even if this almost always comes from a single antenna. These rain-related oscillations usually last no more than five minutes, unlike oscillations recorded before seismic events which can last hours. Such signals were nearly always connected and always near in time to the rainfall shape of the EM spectrum. Furthermore, the oscillations occurring with rainfall usually reach higher frequencies than earthquakes; up to 800 Hz and 400 Hz respectively.

Figure 8. The spectrogram of the ELF band recorded by the N-S Capitignano antenna on 7 June 2011, from 10:39LT to 11:59LT; the rainfall beginning at 11:15LT lasted about ten minutes. Polarity changes of electric perturbations are visible during the rainfall in the top amplitude band while power spectrum intensity is shown on the bottom left.
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Strong meteorological perturbations can also influence the radio transmissions by refracting the carrier waves; for example this occurred in Perugia on 27 July 2011, in the early afternoon, when an intense rainfall swept the area as shown in Figure 9. These intense rain falls are frequent in this region and sometimes have grave consequences [43]. Finding a method to forecast or mitigate these consequences caused by extreme events is of great interest for the Italian Civil Protection Agency. In the spectrogram plotted on Figure 9, a high intensity rainfall event is associated with ELF band where power increased to 50 dB, whereas, strong signals also appear on the bottom of VLF band. Here, one can observe the surprising disappearance of the signal at 16 kHz at about 16:35LT, which is produced by the photovoltaic power supply and suggesting that the sun was obscured for some minutes by the intense precipitations. During the same time interval the yellow belt fades as do the carrier waves of several transmitters. Given the sun light attenuation it is reasonable to deduce that the strong perturbation was precisely above the Perugia Station. Looking at the dynamical spectrum of Figure 9, one can see another time where several carrier waves are attenuated in amplitude because of strong rainfall, at about 16:03LT. Here there was no interruption of 16 kHz signal, indicating that the sunlight was not obscured. In both cases rain influenced VLF radio propagation near the station. The alpha transmitters did not appear in the spectrograms of that period, however, it is possible verify that they suddenly disappeared some days before and suddenly reappeared some days later. This phenomenon was also recorded at other stations, thereby, suggesting that transmitters must have been switched off during this period and not influenced by meteorology. These anthropogenic and meteorological modulations must be taken in account to identify true earthquake influences.

Figure 9. Spectrograms of ELF and VLF bands recorded from the E-W Perugia antenna on 27 July 2011, from 15:39LT to 16:59LT. The passage of a strong thunderstorm perturbs the VLF band curbing the intensity of the transmissions; frequency scale is logarithmic for ELF and linear for VLF. Power spectrum intensity is shown on the bottom left.
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3. Experimental Settings and Calibration

CIEN instruments are made up of two principal parts: the outdoor sensor and the indoor recording system. The sensor is composed of electrode wires with electronics that prepare the signals. Sensors must be positioned outdoors as they are responsible for picking up EM signals in the atmosphere. The recording system consists of a standard PC audio card with the necessary software to carry out a real time analysis and store data. The recording system is positioned indoors so as to protect it from the weather. The power supply for the sensor electronics is incorporated into the PC, while the indoor and outdoor parts are connected by a multiple signal/power-supply shielded wire. Despite the simplicity of the system, it will be shown in section below that it allows to take quantitative and well suited measurements.


3.1. CIEN Outdoor Antennae

All antennae have two long thin wires, from l = 10 m to l = 20 m in length and from s = 0.5 mm to s = 1 mm of thickness, which are perpendicular to each other and horizontally fixed at about h = 8–10 m off the ground. These are positioned at the eight CIEN stations, indicated in Table 1, together with their coordinates and features. All the station electrodes have one wire positioned approximately toward the N-S and the other wire toward the E-W. The wires are covered by an insulating sheath as well the supports that keep them off the ground. Moreover, all conductive parts of the system are also covered by an insulating sheath to protect against direct contact with atmospheric charge, while the mass supply is connected to ground. The electronics include two amplifiers having high impedance, high gain and wide band (DC to 100 kHz). Finally, a protection limits excessive induced electrical potentials on the electrodes, thereby preventing damage to the electronics.

Table 1. Positions of the eight CIEN stations and their present features; in the last column the instruments are at the same position of the antenna; indicated by MG: magnetometer, PF: proton flux, AC: accelerometer, SS: seismometer, RD: radon meter and LC: luminosity capture.


	Station
	Latitude
	Longitude
	Altitude
	Frequency Bands
	Services
	Other Instruments





	Fermo
	43°04′08″
	13°56′58″
	200 m
	ELF, VLF
	Web
	-



	Perugia
	43°07′13″
	12°23′12″
	460 m
	ELF, VLF
	Web
	SS



	Zocca
	44°21′21″
	10°59′29″
	750 m
	ELF, VLF
	UPS
	-



	Capitignano
	42°31′59″
	13°17′27″
	920 m
	ELF, VLF
	-
	-



	Chieti
	42°22′05″
	14°08′52″
	60 m
	ULF, ELF, VLF, LF
	Web, UPS
	AC, MG, PF



	Siena
	43°18′52″
	11°19′20″
	320 m
	ELF, VLF
	Web
	-



	Fagnano
	42°15′57″
	13°35′01″
	710 m
	ELF, VLF
	Web
	RD, SS



	Rieti
	42°24′37″
	12°46′10″
	430 m
	ELF, VLF
	Web
	LC, SS








The two floating wires behave like very short antennas in ELF, VLF and LF bands [44], as they are two monopoles perpendicular to each other and parallel to the ground. Being LF, they have wavelengths much longer than the CIEN monopoles. Though the antenna gain is very low, it can be recovered by using a long wire antenna [44]. Capacitive effect inductions of wires with respect to the ground become comparable in amplitude to the electric field horizontal line inductions. A relationship between the capacitive vertical field induced potential and the horizontal field summation along the antenna can be calculated. To quantify the electromagnetic inductions on these electrodes it is necessary to consider the monopole theory at such low frequencies as seen here.

Referring to antenna theory, one is reminded that the relative pattern of a horizontal monopole above a lossy surface is not significantly different from that which is above a perfect conductor [45]. Being so, one can consider these results in this simple case. Moreover, as these frequencies are less than 100 kHz, the wavelength λ is always longer than 3 km. Indeed, for the ELF band, λ is longer than 1,000 km; thus l ≪ λ. In this case, being that h ≪ λ, the antenna directivity gain is not any longer a function of its height [45]. Therefore, assuming constant electric field along the wire dimension, the induced potential is defined as a scalar product l·E; where l is the effective length parameter of the monopole, while E is the total electric field incident on the wires [44]. As the current intensity is constant in a small monopole with l ≪ λ [45], the effective length parameter will be equal to the monopole length l and the open-circuit voltage va can be approximately written as



va=Elcosθ



(1)




where θ is the angle between the field and the antenna.
Two perpendicular antennas can be used to reconstruct the polarization state of the electric field, which can be represented by the polarization ellipse and described mathematically by the four Stokes parameters [46]. Writing the components of E as
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(2)




If Z is the intrinsic vacuum impedance, the Stokes parameters are
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(3)






Q=(E12−E22)/Z=Icos2εcos2τ



(4)






U=2E1E2/Zcosδ=Icos2εsin2τ



(5)






V=2E1E2/Zsinδ=Isin2ɛ



(6)




where τ = 1/2tan−1 (U/Q) and ε = 1/2sin−1 (V/I). I is the total intensity of the wave, Q and U are measures of the linear polarization of the wave, and V is a measure of the circular polarization of the wave; being I2 = Q2 + U2 + V2. The Stokes parameters, when written in terms of ε and τ, are the Cartesian coordinates of the points on a sphere. This sphere is known as the Poincaré Sphere and provides an alternative way of describing the polarization state of a wave [46].
Vertical electric fields also induce identical potentials onto the wires which depend on their height and capacity with respect to the ground. Under the hypotheses that the vertical electric field Ev is constant moving vertically at the altitude h ≪ λ, the induced terminal voltage vc is [47]
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(7)




where Ri is the input electronics resistance, C = 2πε0εrl/ln[h/r + (h2/r2 − 1)½] is the wire capacity above the ground [33], ε0εr is medium permittivity, and r the wire radius. Thus, the relative amplitude of the two voltages can be approximately calculated by


|va|/|vc|=(E/Ev)ln[h/r+(h2/r2−1)½]cosθ/2πωε0εrRih.



(8)




The presence of a conductive ground produces reflections of EM waves producing a mismatched sum of directed and reflected waves at the antenna position. The wire system can be studied using the image method, which affirms that an equal and opposite current runs underground. The reflected wave is therefore characterized by an opposite horizontal electric field that subtracts its contribution from the directed electric field wave. The difference between the opposite fields only depends on a phase factor which is linked to the height of the antenna [44], which is near zero for long waves with h ≪ λ. Moreover, the confinement of the field between the ground and the ionosphere provides a very stable propagation path, where the length of ELF propagation is only compatible with the quasi-transverse EM mode [44]. Being so, plane ELF waves such as Schumann Resonances or spherics can only be vertical fields. Instead, in the VLF range above 10 kHz, the guide height is several wavelengths in dimension, thus allowing for many propagation modes [44].



3.2. CIEN Recording System and Its Calibration

Sensors are connected to a PC at each station which supplies power to the electronics and samples the signals by way of sound cards. The signals are registered in stereo mode for both direction antennas with a 16 bit A/D conversion, permitting a dynamical range of about 96 dB. This is necessary, as weak signals start at −100 dB, while meteorological perturbations can increase the signal amplitudes up until −20 dB. Spectrum Laboratory free software [48] is used to fix the recording parameters and to analyze the signals utilizing Fast Fourier Transform (FFT). Data is stored in DVD for further analysis allowing for a further comparison of the measurements. The wave files here would have taken up too much memory space; they are therefore compressed lossless by another free algorithm [49].

Given that these compressed wave recordings also occupy much space they are only active for the ELF band. Signals are sampled through a frequency of 2 kHz, so to have a Nyquist frequency which allows perfect reconstruction of the signal bandwidth up to 1 kHz [50]. Minimum frequency detection depends on both sound card type and quality. As described below here, this frequency usually reaches 1 Hz by utilising active digital filters and evaluating system noise amplitude. The ULF band can be reached by utilising high quality sound cards, which reduce noise and allow us to discriminate between the signals below Hz. In the VLF and LF bands, time evolution signals are recorded on the transmitter power frequencies. In these bands, the carrier wave peak amplitudes and the phases are measured every five minutes.

FFT analysis is performed on all bands and one spectrogram is saved for each band in compressed jpeg image. FFT is calculated for both the channels at every 4.096 seconds with an input size of 16,384 and a Hann window function. The power amplitude range was chosen to cover −106 dB to −10 dB with the to many colors legend, which allows us to distinguish about 20 different colors and shades, permitting to evaluate 5 dB amplitude differences. Color images were saved with a resolution of 1,278 × 972 pixels. Different frequency scales were used to plot the bands so as to better present the spectrograms plotted in all the figures, a logarithm scale was used for ULF and ELF bands, whereas a linear scale was used for the VLF and LF bands. Time was identified on the spectrograms by white dashed vertical lines, one every 300 seconds.

A quantitative amplitude estimation of some previously observed signals requires calibration, as we do not know all the signal transfer functions which occur in this system. This calibration can be realized in different ways, taking into account electromagnetic theory as well as experimental methods. Above all, the band pass transfer functions T(ω) = Ta(ω) × Ts(ω), product of the audio sound card transfer Ta(ω) and the sensor amplifier transfer Ts(ω) functions, should be experimentally determined. This can be obtained through a wave generator and an oscilloscope which are connected at the input and output of these electronics, respectively. Thus, the theory in the Section 3.1 can be used to calculate the electric field at the antenna positions. The true potential on the wire can now be written as
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(9)




Having wave recordings, it has been possible to further analyze the signals by Spectrum Laboratory software, after changing several possible parameters of FFT calculus and visualization. Being so, some specific weak signals including Schumann Resonances are better evidenced. But, in order to increase analysis quality, software specifically developed for audio signal processing has been utilized. Through FFT analysis, all digital operations on the signals have been possible, including background noise reduction, filtering and signal isolation. As an example, one can consider the electric signal in Figure 4. In this case, an active filter with precise transfer function that compensates for electronics band pass can be introduced by the Audacity software [51]. After this, a region where the oscillation disappears is selected and its power spectrum content is calculated as a noise. Moreover, the Audacity software performs a digital FFT subtraction of the noise from FFT signals and FFTs it into a new wave file. The new file contains the isolated electric oscillation which is shown together with the amplitudes before and after the operation in Figure 10. An audio file reproduction from 7:48:20 to 7:51:20 of the filtered signal in Figure 10, which sounds like a soft hiss, is available in the supplementary material.

Figure 10. (a) The correction band pass filter T−1(ω) used by the Audacity software; (b) The time evolution of the signal in Figure 4 before (top) and after (bottom) applying T−1(ω) function and subtracting the noise.
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Given this, a comparison between well-known natural signals of fixed frequencies and the corresponding power spectrum which are near the same frequencies can be used to calibrate the instrument in that particular range. At this point, the amplitudes of the oscillations in Figures 3 and 4 can be evaluated by comparing them to the Schumann Resonances by utilizing (8). On a non-electrically perturbed day, Schumann Resonances are usually well above the noise level, and can be detected in a section of the spectrogram, as shown in the middle of three parts in Figure 11. The transfer function T−1(ω) in Figure 10, is applied to compensate for the low frequency attenuation using the Audacity software on the wave file corresponding to the spectrogram on the left in Figure 11. The resulting power spectrum is plotted on the right in Figure 11, with the correct power spectrum associated to each natural resonance electric field amplitude. In this way, with a set of well-known amplitude points in the spectrum, it is possible calibrate the whole range. The electric field amplitudes of the Schumann Resonances reach 0.1 mV/m and are vertical fields [33], being so, they can be expressed by (7) and produce |vc| = 7.8 μV for the first Resonance.

Figure 11. (a) The ELF spectrogram from the S-N Perugia antenna on 4 February 2010, from 12:27LT to 12:56LT; (b) The spectrum at a particular time indicated by a red arrow where oscillations are very distinct; (c) The corrected spectrum at the same time when oscillations occur is very distinct.
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To evaluate the amplitudes of the oscillations it is important to remember that they almost always appear on one wire, thereby confirming the prevalent horizontal direction of electric fields. However, in some cases a component in the other horizontal and vertical directions appears. The spectrogram color legend permits us to distinguish not less than 5 dB amplitude differences. This means that it is able to evaluate a factor 2, which is not very precise. On the other hand, noise level can reduce sensibility to small components of the oscillation on the other wire. This is because the signal amplitude is in some cases only 5–10 dB above the noise. When measured with precision, the Stokes parameters defined in (3), (4), (5) and (6) are useful for detecting partial polarizations, but the method for subtracting the noise described above must be used to obtain accurate results. Here, the signals shown in Figures 3, 4 and 11 are more than 20 db above the noise and the noise subtraction is not necessary as the other component results being at least 10 times smaller. To compare vertical and horizontal inductions on the wires (1), (7) as well as the difference between the first Schumann Resonance and the oscillation in dB are used. These produce amplitudes corresponding to 3.5 μV for signals in Figure 11, and about 35 μV for signals in Figures 3 and 4; which correspond to electric field intensities of 0.17 μV/m and 1.7 μV/m respectively. With Perugia Station wires of l = 20 m, h = 10 m, r = 0.5 mm, εr = 1, so that C = 105 pF; where ω = 7.4 Hz, Ri = 10 MΩ, Ev = 0.1 mV/m and |vc| > |va| of 7 dB.

Finally, some attempts were made to explain the possible field sources through the characteristics of the signals. The single oscillations were uncorrelated in time among the CIEN stations, although, a general recurrence of oscillations was observed over identical periods on many occasions. Furthermore, oscillations were rarely observed simultaneously from different wires of the same station and always these simultaneous signals are of different spectral shapes, intensities and durations while their frequencies are similar. For these reasons, a series of experiments were performed to determine if these signals had been created inside the electronics. The two wires of a single sensor were initially positioned close to and parallel to each other, verifying that oscillations appeared on both wires. Afterwards, a new sensor with slightly different wire lengths and input impedances was used, and was connected to a different PC with a different power supply. Wires of this new sensor were not perpendicular to each other. Instead, one was positioned parallel and close to a wire of the old instrument, while the other wire was positioned at an odd angle with all four wires being at the same height. The same signals reappeared only on the parallel wires, even if they had different amplitudes due to their different lengths. A third sensor was positioned at the station but its wires were not positioned perpendicular to any of the other wires. This was done in order to monitor signals from different angles; all wires were at the same height. Electronics without wires were also studied but no electric oscillations were observed. From this, it can be concluded that the oscillations were not created by electronics but were induced by principal horizontal polarizations of electric components. Furthermore, missing correlations between signals at different stations far apart less than 50–100 km suggested the presence of local electric field perturbations with sources distances less than 50 km. Given their characteristics, these signals may have been different from those measured by satellites [30]. The local nature of the electric oscillations suggests that the activities do occur during the stress build-up in the focal area of large and shallow earthquakes [23].




4. Conclusions

This study of data from eight CIEN stations suggests that electric perturbations become more intense during seismically intense periods, and their powers become greater than other natural EM phenomena, such as the Schumann Resonances. Candidate pre-seismic oscillations in electric amplitudes were quantified allowing for the verification of some hypotheses regarding observed phenomena [52–56]. These oscillations are well discriminated from other natural and anthropogenic signals in spectrograms, whenever meteorological events, primarily thunderstorms and heavy rain, are far away from the stations. Their characteristics include the following:


	frequencies in ELF band from 20 Hz to 400 Hz, seldom starting and ending at lower frequencies;


	frequencies ranging from 10 Hz to 100 Hz, with multiple structures in some intense cases;


	intensities greater than 1 μV/m during seismic activity with M ≥ 5;


	strongest intensities during seismically intense periods;


	duration from several minutes to some hours;


	mostly horizontally polarized;


	local <50 km sources;


	similar but briefer perturbations at higher frequency before intense rainfall.




Figure 3 shows the signals a few minutes after the L'Aquila main shock. They appeared several minutes after the passage of the seismic wave at the Perugia Station, indicating that it was niether a co-seismic nor a “co-seismic wave” phenomenon [23]. In the laboratory EM emissions were observed in the range from kHz to MHz [57], whereas, the signals shown in Figures 3, 4 and 7 were in the range from tens of Hz to hundreds of Hz. The similarity between laboratory acoustic emissions, which occur at frequencies between 50–800 kHz, and seismic activity is well accepted [58], with wave frequencies ranging between 1–30 Hz. The frequency ratio between laboratory and natural cases is more than 104 for both acoustic and EM emissions, which is also the ratio between laboratory samples and earthquake fault dimensions. However, contrarily to the cases discussed here EM emissions in the laboratory were observed through their magnetic components only in correspondence to the sharp stress drops in the load versus time diagrams, independently of the materials [59]. Furthermore, the geological composition of the Earth surface and the presence of water in the Earth surface/air interface strongly modulates the amplitude and the shape of electric signals.

Characteristic (8) above suggests a further interpretation as electric charging of the air has been frequently reported to precede meteorological perturbations [60]. Specifically, charged aerosols in the air could have some links with the observed electric oscillations [61]. Air ionization has been identified at rock surfaces [53] and gas emission can be a charge carrier [62]. Thus, the link between these EM signals and earthquakes could also be indirect and mediated by other processes. Figure 5 shows that strong electric oscillations also occurred during the aftershock period. This is in agreement with other EM signals recorded near other focal areas, which show a prolonged EM activity during the main shock [23]. Moreover, the long-term monitoring of some gas vents in Central Italy showed a significant set of anomalies that had durations of several weeks after the main shock [63]. Figure 5 shows this type of electric perturbation to have its maximum value in correspondence with VLF [64] and IR [65] anomalies which appeared some days prior to the main shock.

CIEN has been designed to record ELF band data so as to thoroughly analyze these data and compare them to other measurements. This analysis can benefit from advanced audio signal software for reducing noise and isolating particular EM phenomena. CIEN sensors are a broad band system which allows us to extend the monitoring of ULF, VLF and LF bands. Above 10 kHz, VLF and LF radio transmitter carrier wave intensities are collected to monitor about 20 sub-ionospheric channels, and verify perturbations whenever strong earthquakes occur under their path. ULF monitoring has just begun and therefore it is in an experimental stage.

Strong meteorological perturbations have also shown many intense electric signals in all the bands monitored by CIEN. The ELF band mirrors rainfall providing us with an alternative way of monitoring rainfall by means of electric intensity perturbations. The VLF and LF bands have also shown some radio shadowing effects of transmitters, which could be used to further investigate rainfall around stations and to improve upon standard rain gauges. Finally, the spectrogram representation of natural and anthropogenic electric signals provides a simple and intuitive way of discovering a world otherwise unseen. Thus, as already proposed [66], this approach may have interesting educational applications for high school and undergraduate level experiments, since only simple instrumentation is required.
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