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Abstract

:

The ground-based monitoring of the lower ionosphere by studying the perturbations of the subionospheric propagation of very-low-frequency/low-frequency (VLF/LF) signals is important in the research of a wide variety of geophysical and Sun/space extreme phenomena. Such perturbations are identified as anomalies in the signal received from the VLF/LF transmitters operating worldwide for military purposes, time code broadcasting, etc. Especially for the study of local ionosphere-influencing phenomena, such as earthquakes, volcanoes, typhoons, etc., the monitoring of several subionospheric propagation paths is necessary. However, it is very difficult to find in the market (or reproduce) hardware (HW) for wide-band VLF/LF receivers that could receive many different transmitters, while the involved software (SW) is mainly proprietary. Aiming to provide a low-cost and easy-to-build alternative for the scientists involved in this research field, we suggest a VLF/LF receiver setup based on amateur radio open-source HW and SW. Its key components are the so-called “mini-whip” active antenna and the freeware “SpectrumLab” and “GPS2Time”. The full HW schematics and all settings of the employed SW configuration for the proposed VLF/LF receiver setup are provided in the article. To check the reliability of the proposed receiver setup, two almost identical VLF/LF radio receivers were installed in the prefecture of Attica in Greece, in June and September of 2021, respectively. Examples of ionospheric perturbations due to different phenomena (solar flares, earthquakes, and a magnetic storm) are provided to show the ability of the proposed receiver setup to provide reliable data for ionosphere-related research.
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1. Introduction


The study of Earth’s ionosphere in association with different extreme phenomena has become a very interesting topic in recent years. Many scientists around the world have made significant progress in studying imprints of extreme phenomena in the ionosphere by using various observation techniques, e.g., [1,2,3,4,5,6,7,8]. For this reason, the ionosphere is known to be a useful “tool” for studying disturbances that are caused by such phenomena.



Specifically, very-low-frequency/low-frequency (VLF/LF) ground-based monitoring of the ionosphere is a widely used method in many studies, searching for anomalies in the VLF/LF receiver amplitude and phase of the signal that are related to sudden ionospheric disturbances (SIDs) generated from the Sun [9]. These disturbances are caused by solar energetic particles (SEPs) and solar flares, which lead to fast transient plasma changes in the ionosphere, more intensively at the sunlight hemisphere [10,11]. The F, D, and E ionospheric layers are affected by the solar extreme ultra-violet (EUV) and X-ray radiation due to enhancement of the ionization process during the occurrence of these phenomena [12].



Moreover, geomagnetic storms are very important extreme phenomena that are reflected in global disturbances in the ionosphere, middle atmosphere, and troposphere [13,14]. They enhance the speed and density of solar wind and are related to shock waves [15,16]. Geomagnetic storms can increase the profile of electron density in the lower ionosphere (D and E layers) and especially in the auroral zone, leading to radio wave absorption and the significant disappearance of MF/HF transmitted signals [16,17]. This strong increment in the electron density profile is a result of energetic particle precipitation [16]. It should be noted that the penetration of energetic particle precipitation into the lower ionosphere and also in the middle atmosphere is accompanied by a loss of energy due to the emission of X-ray “bremsstrahlung” radiation [16]. VLF/LF radio wave propagation is disturbed by geomagnetic storms. They can cause ionospheric disturbances that result in changes in VLF/LF signal amplitude and phase. Other factors that can ionize the ionosphere and affect VLF/LF signals are galactic gamma-ray bursts, which are produced far away from the solar system [18], as well as lightning-induced energetic particle precipitations and direct heating due to intensive lightning discharges and transient luminous events (TLEs) [19,20,21].



Another ionosphere-related concept that has been intensively investigated during the last three decades is the lithosphere–atmosphere–ionosphere (LAIC) coupling, aiming at possible short-term earthquake (EQ) prediction [22,23,24,25,26]. Specifically, many VLF/LF anomalies have been identified prior to EQs in many studies, through the analysis of the characteristics of VLF/LF receiver signals (amplitude and phase), by using various analysis methods [5,27,28,29,30,31,32,33,34,35,36,37]. It should also be noted that criticality analysis has successfully been performed on VLF/LF data, identifying criticality indications in the lower ionosphere prior to significant (M > 5.5) EQs, indicating that the ionosphere is in critical state prior to the EQ, as happens for the EQ preparation zone in the lithosphere [30,38].



It is evident that the study of a specific geophysical or solar–space phenomenon by monitoring the ionosphere is a complex problem because the ionosphere is affected by a large number of such phenomena.



In this work, we introduce a VLF/LF receiver design based on amateur radio open-source hardware (HW) and software (SW) for the monitoring of the lower ionosphere. We aim to provide a cost-effective, but also scientifically reliable, solution for researchers that are interested in the study of geophysical and solar–space phenomena that perturb the lower ionosphere. We present in detail the proposed receiver setup, both in terms of HW and SW, providing all required information for one to reproduce it (online available supplementary material is complementary to the provided information). In order to check the reliability of the proposed receiver setup, two almost identical VLF/LF radio receivers were installed in the prefecture of Attica in Greece, in June and September of 2021, respectively. The first one is located in a suburban area to the east of Athens, and the second one is located in a forest area to the west of Athens, close to the urban complex of Athens. These two VLF/LF stations are able to receive signals from many VLF and LF transmitters. Using the recordings of these two stations, we present examples of identified perturbations associated with different phenomena that occurred during the time period 1 September 2021–30 April 2022. Specifically, we present results associated with three solar flares of “X”, “M”, and “C” class, respectively, three EQs (M > 5.5) that happened in the southeastern Mediterranean, and one geomagnetic storm. The perturbations associated with the EQs and the geomagnetic storm were identified using the statistical method known as the “nighttime fluctuation method” (NFM) [39,40], while the effect of solar flares is identified directly on the amplitude of the recorded signals. The identified disturbances of the lower ionosphere are indicative of the quality of the data acquired by the proposed VLF/LF receiver setup.



The remainder of the article is organized as follows: Section 2 provides information on the HW and SW of the receiver design, while in Section 3, the two installations in Attica are presented. In Section 4, we provide key information about the NFM statistical analysis method, and in Section 5, we present the results obtained regarding different ionosphere-influencing phenomena. Finally, in Section 6, we summarize the conclusions.




2. Receiver Design


Receivers “listening” to VLF/LF signals are rare since the commercial demand for receivers in these frequency bands is low. The literature review for open HW and SW VLF/LF receiving systems that cover frequencies up to 90 kHz yielded very few solutions. These are low-end designs, mainly by amateur associations [41,42,43,44,45], which perform basic functions below the frequency of 30 kHz. There are also commercial receivers [39,46,47,48], for which very little information is available about their design and which are very few (and lately not available), due to the limited demand that does not justify mass production. Moreover, there are some designs by research groups [49,50,51], which, unfortunately, are also difficult, or even impossible, to acquire, while detailed information for the complete VLF/LF receiver setup is usually missing for one to reproduce them. Different VLF/LF networks, using different receivers, have been developed in various geographical areas, such as the Hi-SEM network in Japan [39,52], the European VLF/LF Radio Monitoring Network (INFREP) [46,47,48], and the South America VLF NETwork (SAVNET) [50,53]. AWESOME receivers [54,55,56] are also popular but are no longer available. Finally, it has to be mentioned that, as the computing power of PCs continuously increases, the VLF/LF receiver design focus has eventually been shifted from the HW to SW [18,19,20], restricting the specialized HW to the antenna–preamplifier–filters system. It has to be noted that the most popular SW for VLF/LF receivers are also commercial products [57,58,59].



From the abovementioned aspects, it is clear that it is very difficult to find in the market (or reproduce) the HW for wide-band VLF/LF receivers, while the involved SW is mainly proprietary. To provide an easy-to-build, flexible, but also reliable, alternative for researchers focusing on the study of the lower ionosphere, we hereby suggest a VLF/LF receiver setup based on amateur radio open-source HW and SW. We aimed to provide a cost-effective wideband HW solution that anyone can build by combining low-cost, commercially (online) available parts, or even by reproducing the critical parts (i.e., antenna, preamplifier, and preamplifier’s power supply) at one’s own lab from the electronic-component-level available design information. As for the necessary SW, all used programs should be open-source or freeware and their necessary settings should also be provided.



During the time period from September 2020 to February 2021, various possible receiver solutions were tested. Two categories stood out: software-defined-radio-based (SDR) and sound-card-based ones. The number of available SDR-based receivers is continuously increasing nowadays. These use the PC’s computational power for all the stages to deliver and process signals. External (or internal) soundcards, on the other hand, are very sophisticated nowadays. Many models of high-end, very-low-noise (external or internal) soundcards can be found in the market at low prices. For frequencies up to 90 kHz, the soundcard solution (with a sampling rate of 192 kHz) was chosen. A high-end soundcard is cheaper than a high-end SDR receiver, while a soundcard solution demands less computational power from the host PC.



2.1. Hardware


All the necessary hardware of the proposed VLF/LF receiver design is shown in Figure 1. It consists of an active antenna, a “bias tee–AC coupling” circuit, a 12 V power supply for the antenna, filters, galvanic isolators, a GPS receiver with a 1 Hz PPS (1 pulse per second) output, a soundcard (for the analog to digital conversion (ADC) of the antenna and GPS signals), and a personal computer (PC) for the signal processing. An essential part of the setup is the antenna. Usually, VLF/LF receivers use homemade loop antennas since they aim at recording only one or a few VLF stations transmitting below 30 kHz. Such antennas are suitable only for narrowband applications. As loop antennas are practically a coil of many turns, they receive only the magnetic component of the electromagnetic field and their pattern is not isotropic. Wideband receivers, aiming at monitoring multiple transmitters, use wire antennas. As a half-wave wire antenna suitable for VLF/LF frequencies must be a few km in length, such a solution is usually not adopted. Small-size wire antennas (a few meters or only one meter long) with the addition of a high-gain preamplifier are usually employed instead, e.g., [39,57]. However, this kind of antenna is sensitive to electrical discharges.



In our case, an active antenna (Figure 2) was chosen to capture frequencies from 3 to 90 kHz. A key advantage, beyond the small size, is the high-gain and low-noise preamplification and filtering directly on the antenna. One can reproduce it at one’s own lab using the electronic-component-level available design information [60] or it can be purchased on the internet via the code “PA0RDT Mini-Whip antenna”. It is a minimalistic design (Figure 3), only 15 cm long, and can efficiently replace a wire antenna a few meters long. It is inexpensive and can be purchased from a wide variety of online stores because it is very popular among radio amateurs. Currently, the price starts from EUR 25 and it consists of two parts, the active antenna and its power supply.



In contrast to loop antennas, the mini-whip receives the electrical portion of the electromagnetic signal. The simplified electrical model of Figure 2c helps to illustrate its principle of operation. The antenna is coupled to the electric field through the C1 capacitor and to the amplifier through the C2 capacitor. These two form a voltage divider    V 2    =      C 1  /    C 1  +  C 2      ·  V  i n     [61]. Increasing C1′s value (by using a copper plate of longer perimeter in the antenna [62]) or/and lowering C2′s value (e.g., by choosing a lower input capacitance JFET; see Figure 3), the received signal strength is increased. At very high frequencies (VHF), the mini-whip antenna works as a typical half-wave antenna, but at lower frequencies, its behavior is completely different. At VLF/LF, it behaves as the half part (one plate) of a capacitor, while the other part (plate) is the Earth. What it receives is the electrical component of the electromagnetic field, as a result of capacitive coupling to a capacitor having the Earth as one of its plates. This means that very good grounding is essential during installation.



Figure 3 shows the full schematic diagram of the mini-whip antenna system. It is split into two parts. One is the active antenna (copper plate and preamplifier) and is placed over the mast, while the other is the “bias tee–AC coupling” circuit, feeding the necessary power supply to the active antenna and the alternating current (AC) coupling to the ADC stage (soundcard), and is placed close to the soundcard. The sensor is the copper plate. The longer the perimeter of the plate is, the higher the capacitance to Earth [62] and the higher the received signal strength. However, if there are strong local radio transmitters, it is better to keep the antenna’s plate small to avoid parasitic phenomena. The design relies on a very high input resistance and very low input capacitance preamplifier, by using a JFET transistor in the first stage [60]. In this case, the effective input capacitance of the preamplifier is practically the capacitance of the capacitor formed between the copper plate and the Earth. The NPN-type BJT transistor circuit forms a voltage buffer stage (voltage follower) that offers impedance matching to low impedance loads. At ~400 kHz, the antenna noise is approximately −90 dBm [63]. Experiments have shown that a shortened antenna such as this has no impact on antenna sensitivity [63]. The second part of the antenna is a small circuit that feeds the necessary direct current (DC) voltage, which is produced by a power supply unit (PSU), to the antenna (bias tee) and AC-couples the signal to the ADC stage (soundcard). The PSU can be any commercially available unit producing a 12 V DC output, capable of providing at least 50 mA output current. However, low-noise linear PSUs are strongly preferable, since the preamplifier is very sensitive to noise. Even a 12 V battery can be used as the PSU of the antenna, since the power consumption is low (48 mA).



For the connections of the active antenna to the “bias tee–AC coupling” circuit and of this circuit to the soundcard, a 50 Ohm coaxial cable such as RG58 or a 75 Ohm coaxial cable such as RG59 is sufficient. In a noisy EM environment, galvanic isolation and filters can be added between the “bias tee–AC coupling” circuit and the soundcard to improve the signal-to-noise ratio (SNR).



The active antenna part is placed on the top of the mast. The top 0.5 m part of the mast is made of an electrical isolator material, such as PVC, while the rest of the mast is made of a conductive material that is well grounded, since this is essential for less noise reception. A long enough electrical isolator between the active antenna and the (grounded) conductive part of the mast is necessary for the active antenna copper plate to act as one plate of the capacitor, the other plate of which is the Earth. At VLF/LF frequencies, the polarization of the mini-whip antenna is always vertical [61].



As already mentioned, there is an optional stage of filters. These are recommended in the case of strong local AM/MF/LF/VLF broadcasts. Restricting the bandwidth of the signal reaching the soundcard, by excluding strong local broadcasts, protects the soundcard from saturation. The type of filter depends on the frequencies of the local broadcasts. Moreover, galvanic isolation can reduce local noise originating from nearby operating electrical equipment. It is simply a 1:1 toroid transformer, which breaks the ground loop effect between the soundcard and the antenna. Its effect is considerable against the noise produced by the switch-mode PSU of the PC. Furthermore, it protects the receiver against discharges from the antenna. In this design, an AOR GT-1 transformer is used (cost ~EUR 50).



Experiments with various types of soundcards showed that for VLF/LF signals, low-noise and high-sampling-frequency soundcards can do an excellent job. In the two VLF/LF receivers that have been installed (see Section 3), a “Focusrite Scarlet 2i2” was chosen for the ACH station, and a “Behringer U-Phoria umc202hd” for the GER station. These two soundcards are of similar key technical characteristics, i.e., both are 24-Bit, 192 kHz very-low-noise soundcards, having high dynamic range. These cards cost ~EUR 100 each. One channel is connected to the antenna, while the other channel is connected to a 1 Hz high-accuracy pulse of the GPS receiver. This pulse is used to resample via software the soundcard and also for accurately measuring the phase of the received signals.



The final stage is a PC. In our case, a low-end PC is used with an Intel® Celeron Quad Core J1900 CPU, 4 GB memory, and a 500 GB hard disc. All software is run under a free license and needs a Windows 7 or later operating system.




2.2. Software


The main SW used is DL4YHF’s Amateur Radio Software: Audio Spectrum Analyzer [59] “SpectrumLab”, which is a freeware program very popular among radio amateurs. It is designed to analyze signals acquired via a soundcard. It can record and replay these signals as WAV-type audio files. The spectrogram, i.e., the temporal variation of the spectrum of the acquired waveforms, can be observed in the form of a fully configurable, so-called “waterfall”, display (Figure 4).



The configuration of SpectumLab’s signal analysis and display is done through fifteen menu cards permitting the adjustment of almost every aspect. As multiple instants of this program can run on the same PC, the input device menu permits one to select the input–output sound devices from multiple soundcards and sets the working sampling rate. Any information shown on the screen can be fully modified by the user through four menu cards. The settings of the Fast Fourier Transform (FFT) menu are crucial for the operation of the system. Specifically, two parameters are important: the FFT size (available rage: 32—2,097,152) and the FFT window function (available options: Rectangle, Hamming, Hann, Gauss, Nuttall, and various Flat Top windows). For a selected sampling frequency of the soundcard,    f s   , the FFT size,  N , determines the step   Δ f   of the produced resulting spectrum, also known as FFT-bin-size, as   Δ f =  f s  / N  , and therefore the equivalent noise bandwidth (ENBW). Increasing the FFT size, the ENBW is reduced and therefore the noise power in each FFT-bin is reduced. If one chooses the maximum available FFT length,   N = 2,097,152  , for    f s  = 192   kHz  , the time window, i.e., the minimum necessary time period to collect and record samples on which the FFT is going to be applied, is    T  m i n   = N /  f s  = 10.92   s ,   which is actually the minimum sampling period of the spectrum. If one needs a spectrum sampling period ≤ 1 s, for    f s  = 192    kHz   , should choose   N ≤ 192,000  , e.g.,   N = 131,072  . However, then, the ENBW increases from 91.5527 mHz to 1.46484 Hz, degrading the SNR by 12 dB. This is a trade-off that one should always keep in mind. Up to 40 markers can be defined on the frequency layer, usually to show the station’s position over the frequency axis. The system menu adjusts memory, time-zone, and calibration issues. All the configuration settings are saved as a TXT file.



Signal processing is user-determined by means of interconnected components (blocks) in a virtual interactive circuit. The user can select which kinds of blocks (e.g., input–output devices, resampling, signal monitors, spectral analysis, recording “devices”, bandpass digital filters, 50 or 60 Hz harmonics’ elimination filters, delay line, hard limiter, noise blanker, dc reject, fixed gain, automatic gain control (AGC), etc.) will be involved, as well as the parameters of each block. Figure 5a shows the processing stages that have been used for the proposed VLF/LF receiver design, while an example of the graphically defined narrowband filters that are applied to the acquired spectrum at each frequency of interest is depicted in Figure 5b. The only processing applied in the proposed design is narrowband bandpass filtering around each frequency of interest, as well as an appropriate fixed gain per filter.



One can set up to 40 narrowband bandpass filters, for which data can be collected. Digital filtering is performed in real-time for each VLF/LF transmitter’s frequency, permitting the continuous monitoring of their amplitude variation and the phase variation for up to 8 or 9 of them (depending on the available processing power of the host PC). After processing the received signal, the software can store the results for the monitored frequencies in CSV-type files. The format of each row of the file is fully customizable. Stored data can be the min, max, or mean value, as well as user-defined functions over each one of the user-defined narrow frequency bands. There are also available functions yielding normalized values over the entire frequency range. Through the scheduled actions, all user-selected data per monitored frequency can be recorded automatically in files once per day or every few hours.



Table 1 summarizes the key settings of the employed SpectrumLab configuration for the proposed VLF/LF receiver setup, while the full settings are provided in the online available supplementary material for this article.



For better performance, the suggested VLF/LF receiver setup uses a GPS receiver that delivers a 1 Hz PPS time reference to the soundcard for synchronization purposes. Alternatively, this synchronization can be performed by monitoring one of the time code transmitters, such as RBU (66.666 kHz) or DCF-77 (77.5 kHz) (for receivers installed in Europe). The time reference is used to resample the soundcard-acquired signal in order to eliminate any drift between the real and nominal sampling rates. Phase variation recording needs such accuracy. The internal signal detector of SpectrumLab measures continuously the input signal sampling rate, compares it to the reference time signal, and, if necessary, corrects the sample rate to the nominal. For accurate phase measurements, it is advised that the minimum sampling period of the spectrum is > 10 s. Phase variation can be plotted by the “plot panel”, which can display phase changes in real time and also record them in CSV-like files.



The GPS receiver calibrates the computer’s real-time clock (RTC) for more accurate calculations over frequencies with the aid of a freeware program called GPS2Time (Figure 6), which must run with administrator rights. Since the higher the baud rate is, the higher the accuracy of time setting is, we set the baud rate at 115,200. For continual calibration of the PC’s RTC, it is necessary to set the update rate to zero.
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Table 2. Transmitters monitored by the GER and ACH VLF/LF receivers installed in Attica (Greece). Note that the mentioned transmitters’ powers have been acquired from different literature and online sources, while for some transmitters (denoted by “?”), no information was found.
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	No.
	Frequency (kHz)
	Power (kW)
	Call Name
	Country
	Coordinates





	1
	16.400
	350 [37]
	JNX
	Norway
	66°58′56.41″ N, 13°52′20.9″ E

66.982337°, 13.872471°



	2
	20.270
	43 [64]
	ICV
	Italy
	40°55′22.4″ N, 9°43′55.39″ E

40.922889°, 9.732052°



	3
	23.400
	800 [37]
	DHO-38
	Germany
	53°5′14.43″ N, 7°36′31.15″ E

53.087341°, 7.608652°



	4
	24.000
	1000 [37]
	NAA
	USA
	38°52′4.15″ N, 77°4′44.76″ W

38.86782°, −77.0791°



	5
	26.700
	~100 [64]
	TBB
	Turkey
	37°24′33.91″ N, 27°19′30.98″ E

37.40942°, 27.325273°



	6
	29.700
	?
	ISR
	Israel
	30°58′32.51″ N, 35°5′55.21″ E

30.975696°, 35.098668°



	7
	37.500
	100 [65]
	NRK
	Iceland
	63°51′3″ N, 22°27′6″ W

63.850833°, −22.451667°



	8
	44. 200
	?
	SRC
	Sweden
	57°6′15.0012″ N, 12°22′30″ E

57.104167°, 12.375°



	9
	45.900
	250 [65]
	NSY
	Italy
	37°7′32.35″ N, 14°26′10.77″ E

37.125654°, 14.436325°



	10
	49.000
	?
	SXA
	Greece
	38°8′42.67″ N, 24°1′10.93″ E

38.145186°, 24.019703°



	11
	60.000
	17 [65]
	MSF
	UK
	54°54′36″ N, 3°16′48″ W

54.91°, −3.28°



	12
	62.600
	?
	FUG
	France
	43°23′12.47″ N, 2°05′50.60″ E

43.386798°, 2.097388°



	13
	63.850
	?
	FTA-63
	France
	48°32′49.776″ N, 2°34′56.172″ E

48.54716°, 2.58227°



	14
	65.800
	?
	FUE
	France
	48°38′15.62″ N, 4°21′2.61″ W

48.637672°, −4.350725°



	15
	66.666
	10 [65]
	RBU
	Russia
	56°44′0″ N, 37°39′48″ E

56.733333°, 37.663333°



	16
	77.500
	50 [65]
	DCF-77
	Germany
	50°0′51.24″ N, 9°0′41.35″ E

50.014234°, 9.011487°










3. Installations


In order to check the reliability of the proposed VLF/LF receiver setup, two identical receivers have been installed in Attica, Greece, and have been experimentally operated since June and September of 2021, respectively. The first one is located in the suburban area of Gerakas, to the east of Athens (call sign: “GER”, geographical coordinates: (38.03° Ν, 23.85° E)), while the second one is located in a forest area to the west of Athens, called “Aspra Chomata” (call sign: “ACH”, geographical coordinates: (38.03° N, 23.66° E)), close to the urban complex of Athens. The distance between the two stations is ~17 km (Figure 7).



Both monitor the sixteen stations shown in Table 2 (see also Figure 8) and also the background noise at a few narrow frequency bands where no known VLF/LF transmissions or local interference take place (in our case, e.g., 3 kHz, 10 kHz, 59 kHz, 85 kHz). The scope of monitoring the background noise is to set a reference that permits one to check whether a transmitter has interrupted transmission, especially for distant/weak signals. It is advised that, at any new location, one should carefully select the background noise frequencies so that they are not affected by any narrowband transmissions or any local interference.



It has to be mentioned that the only differences between the VLF/LF receiver installations are: (a) the type of the external soundcard used, which are of similar specifications (see Section 2.1), and (b) the spectrum sampling period (for GER, it is 30 s, and for ACH, it is 15 s). This has been intentionally done to check whether such deviations in the setup can lead to notably different performance.



Figure 9 shows a sample of the daily variation in the amplitude and phase of the same transmitter (RBU) as acquired by the two VLF/LF receivers. One can observe that there are no notable differences between the amplitudes of the received signals, while there is a small difference in their phases during the terminator times’ transitions. It is noted that phase measurements are very “sensitive” to different factors, such as small HW differences (in the case of ACH and GER receivers, there is a difference in the used soundcards), a small change in the frequency of a transmitter (it is very common that VLF/LF transmitters slightly change their frequency, while a change even at mHz level can lead to a drift in the measured phase), changes in the level of the received signal (the lower the received signal, i.e., the lower the SNR, the more difficult it is to accurately calculate the phase), and the presence of electric discharges (during lightning activity, which affects all the acquired spectrum, the SNR is degraded, leading to a higher possibility of inaccurate phase measurements).




4. Nighttime Fluctuation Method


In this section, we briefly present the VLF/LF statistical analysis method called the “nighttime fluctuation method” (NFM) [39,40]. The D ionospheric layer disappears after the sunset and the amplitude of the signal is stronger during the nighttime due to smaller absorptions compared to the day. Therefore, we initially extract the nighttime amplitude data (in dB) from the diurnal variation in the amplitude data, by defining the nighttime time interval so that it has an adequate margin from the local minima of sunrise and sunset terminators. Secondly, we estimate the residual variation in the amplitude of the signal (  d A  t  )   defined as   d A  t      =     A  t  − A  t   , where   A  t    is the signal of the amplitude at the time  t , and   A  t    is calculated over a window of   ± 15   days around the day of interest (including the day of interest). The applied window has the ability to enhance the short-term variations and reduce the long-term ones. Subsequently, we calculate the daily values for the three statistical parameters, “  T R  “ (trend), “  D P  ” (dispersion), and “  N F  ” (nighttime fluctuation), as follows:


  T R     =        ∑   N s    N e   d A  t     N e  −  N s    ,  



(1)




where   T R   represents the mean value of   d A  t   , and    N e    and    N s    are the endpoints of the chosen nighttime interval (starting and ending time points);


  D P   =      1   N e  −  N s     ∑   N s     N e        d A  t  − T R    2    ,  



(2)




where the   D P   is actually the standard deviation of   d A  t   , and


  N F   =    ∑   N s     N e        d A  t     2  .  



(3)







After the calculation of the daily-valued time series of the three statistical quantities, we compute the normalized values   T  R ∗  ,   D  P ∗  ,    and    N  F ∗   , as    X ∗    =     X −  X  ± 15     /  σ  ± 15    , where    X  ± 15     and    σ  ± 15     are the mean value and the standard deviation of   ± 15   days around the day of interest, respectively. Any statistical anomaly in these daily-valued time series that exceeds   ± 2 σ   could possibly be related to an EQ preparation process or a geomagnetic storm [30,39,40], or to any other phenomenon that can influence the lower ionosphere. In fact, this method has recently been applied extensively to identify ionospheric anomalies prior to EQs as an increase in   T R   and decrease in   D P   and   N F  , e.g., [28,30,39]. It should be mentioned that, generally, the usage of a   ± 15   day window around the day of interest includes information from the “future”, so this is appropriate only for a posteriori analysis [30]. For “real-time” analysis, one should use single-sided windows.




5. Identified Perturbations


In the following, we present examples of ionospheric anomalies possibly related to extreme events, such as solar flares, geomagnetic storms, and EQs, which were possible to be detected by the VLF/LF receivers of the proposed setup that were installed in Attica, Greece (see Section 3), as evidence of the reliability of the proposed VLF/LF receiver setup.



Concerning solar flares, we present receptions from different transmitters for three cases of “M” and “X” class flares that happened on 28 October 2021, as well as one case of a “C” class flare that happened on 09 April 2022. A sudden increase in the amplitude of the signal is observed in these four cases, whereas the identification of the C class flare shows that the sensitivity of the system is able to capture even such a minor flare.



In regard to EQs, we present NFM analysis (see Section 4) results around the time of occurrence of three significant EQs (M > 5.5) that took place in the southeast Mediterranean (two on Crete Island and one close to Karpathos Island) between 27 September 2021 and 19 October 2021. We discuss the obtained results in terms of other ionosphere-influencing phenomena, including weather ones, such as typhoons, cyclones, weather fronts, tornadoes, and large thunderstorm systems, which produce atmospheric gravity waves (AGW) in the troposphere [66].



Finally, we show the magnetic storm’s effect on the received signal, by presenting the NFM analysis (see Section 4) results around the time period in which an intense geomagnetic storm (minimum Dst = −105 nT) occurred on 4 November 2021.



5.1. Solar Flares


On 28 October 2021, there were three powerful solar flare events: at 7:40 UTC, a M1.4 class; at 10:28 UTC, a M2.2 class; and at 15:35 UTC, a X1 class. The receiver recorded ionospheric abnormalities during the period of these phenomena in the reception amplitude of more than one of the monitored transmitters, confirming their global character. The result was a change in the amplitude of the signal of distantly measured radio stations. As already mentioned, the Sun’s activity is the main reason for SID. Figure 10, Figure 11 and Figure 12 show the received amplitudes from different transmitters during the occurrence of the studied M1.4, M2.2, and X1 solar flares. Specifically, Figure 10 shows the signals received from transmitters located far west of the receiver, Figure 11 depicts signals from transmitters close to the longitude of the receiver and west of it, whereas Figure 12 shows signals from transmitters close to the longitude of the receiver and east of it. By comparing Figure 10, Figure 11 and Figure 12, one can observe that the reception more clearly appearing to be disturbed by all three solar flares is the signal from FUE, where the disturbance amplitude is monotonously increased with the solar flare strength (Figure 10).



One would expect that all long propagation paths to the west of the receiver (Figure 10) should present imprints of all three solar flares, since all three of them fall within the daytime part of the received signal. However, this is not true, probably due to the low level (close to the level of background noise) of the received signals for all of these stations, except FUE. Nevertheless, the M2.2 solar flare’s effect seems to be imprinted in the signals from FUG, MSF, and NAA, while disturbances possibly due to the X1 event, but shifted in time in relation to X1′s occurrence, can be observed in the signals from NAA and MSF.



Figure 11 shows that the reception from transmitters located close to the longitude of the receiver and to the west of it was disturbed by the M2.2 solar flare, which occurred at the middle of the daytime part of the signals, as clearly shown for NSY and DCF-77. On the contrary, the receptions from ICV, DHO-38, and SRC do not seem to present any imprint of the M2.2 flare. The X1 solar flare occurred close to the sunset terminator time of these propagation paths and therefore it is not easy to discriminate any influence on the received signals. Nevertheless, ICV, NSY, and DCF-77 seem to present disturbances due to the X1 solar flare. Finally, the M1.4 solar flare occurrence time matches the disturbances of ICV, SRC, and DCF-77. However, in the case of SRC and DCF-77, it has to be noted that the signal is of low level and noisy.



Regarding the transmitters located at the longitude of the receiver and east of it (Figure 12), one can observe that while the M2.2 is imprinted in all of them, the X1 solar flare is not depicted since it occurred close to the sunset terminator. The peak of TBB during the X1 solar flare could be related to this, but the signal of the specific station was low during this particular day and thus we cannot offer a definitive conclusion. Moreover, ISR was probably turned off for a few hours after the X1 solar flare, so the peak appearing close to the time of occurrence of the X1 flare is not a disturbance; it only appears so because of the sudden stop in the transmission. As far as the M1.4 solar flare is concerned, one can clearly see its effect on the signals of ISR and RBU, while the corresponding small peaks in the signals of JNX cannot be decisively attributed to the M1.4 solar flare since the signal is too low, at the level of noise.



Summarizing the results, it is concluded that the M2.2 class solar flare had a stronger impact on the received amplitudes than the X1 class one. This is because the M2.2 solar flare happened at 12.28 EEST (local time of the receiver), when the Sun was almost at the maximum of its orbit, leading to a stronger SID than that of the X1 class solar flare, which happened at 17:35 EEST, close to the sunset (18:30 EEST), and therefore close to the sunset terminator minimum of the reception. Moreover, a milder effect on the receptions is observed for the M1.4 class event that occurred at 05:40 EEST local time, before sunrise (07:16 EEST), for similar reasons.



In order to determine the minimum solar flare class that can be detected in the receptions of more than one monitored transmitter, we checked all diurnal variations for all received transmitters from September 2021 to April 2022, and we concluded that a C4.7 class was able to disturb 10 of the monitored frequencies. On 9 April 2022, at 11:24 UTC, a C4.7 class solar flare occurred and concurrently the signal level of the transmitters NAA, ISR, SCR, and RBU was suddenly increased, while the signal level of the transmitters ICV, DHO-38, TBB, NSY, FTA, and DCF-77 was suddenly decreased (Figure 13), indicating that the proposed VLF/LF receiver can detect solar flares at least down to C4.7 class. It is noted that during the specific time period, the signal level of the transmitters JNX, MSF, FUG, and FUE was particularly low.




5.2. Earthquakes


As already mentioned in Section 1, in this article, we investigate three recent EQs that happened in the southeastern Mediterranean on September and October of 2021. For this reason, we used the VLF data received from the ISR transmitter, which is located southeast of Athens, in Negev (Israel). We used only data acquired by the receiver GER, since the receiver ACH was unfortunately intermittently operating from 1 September 2021 to 14 November 2021, initially due to setup optimization experiments and later on due to lightning damage. All the details about the three EQs as acquired from the Institute of Geodynamics of the National Observatory of Athens (https://www.gein.noa.gr/en/services-products/earthquake-catalogs/ (accessed on 23 July 2022)) are presented in Table 3. More precisely, the epicenters of the first two of them, in chronological order, were located in the eastern part of Crete Island and the third one was located in the southeastern offshore region of Karpathos Island. In Figure 14, we present the subionospheric propagation path ISR-GER, along with the epicenters of the abovementioned EQs. Moreover, it is noted that these EQs had significant magnitudes, M > 5.5, and hence are considered able to disturb the lower ionosphere within or very close to the borders of the fifth Fresnel zone of the ISR-GER propagation path [29,39].



It is mentioned that when studying ionospheric anomalies in possible relation to EQs, one should also check for any other phenomena that could have a contaminating impact on the obtained results. This includes both global phenomena, such as geomagnetic storms and M and X class flares, and local phenomena, such as volcanos, tsunamis, and a variety of weather phenomena (typhoons, cyclones, weather fronts, tornadoes, and large thunderstorm systems), which can affect the ionosphere [66,67,68,69]. Specifically, for possible geomagnetic storms, we checked the geomagnetic indices Dst, Kp, ap, and Ap from the World Data Center for Geomagnetism of Kyoto (https://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html (accessed on 23 July 2022)). For possible solar flares, we checked the data on solar X-ray flux from the National Oceanic and Atmospheric Administration (https://www.swpc.noaa.gov/products/goes-x-ray-flux (accessed on 23 July 2022)). Moreover, for possibly erupted volcanoes, we checked the Global Volcanism Program of the Smithsonian Institution (https://volcano.si.edu/search_eruption.cfm (accessed on 23 July 2022)). Finally, regarding possible thunderstorms, we checked the parameter of convective available potential energy (commonly abbreviated as CAPE), as an indication of atmospheric instability, by observing its distribution in the map from the Ventusky search engine (https://www.ventusky.com (accessed on 23 July 2022)), the data of which are provided by the National Oceanic and Atmospheric Administration (NOAA) and the Deutscher Wetterdienst (DWD), while lightning activity was checked using the “Blitzortung.org” lightning detection network (https://www.blitzortung.org/en/historical_maps.php (accessed on 23 July 2022)) and “lightningmaps.org” (https://www.lightningmaps.org/ (accessed on 23 July 2022)).



In this study, we applied the NFM analysis method (see Section 4) by selecting a wide time period from 15 September 2021 to 31 October 2021 to examine the three EQs of interest (see Table 3) that happened on eastern Crete Island and the offshore southeastern region of Karpathos Island. We used the nighttime interval from 00:00 to 05:00 LT (21:00–02:00 UTC) of the VLF amplitude data, after removing any nighttime amplitude excerpts of the signal that were artificial anomalies due to transmitter operation disruptions.



In Figure 15, we present the three normalized statistical parameters for the abovementioned time period. As is evident from Figure 15, there was a decrement in   T  R ∗   , exceeding –2σ, on 19 September 2021, 8 days before the M5.8 EQ of 27 September 2021, while the enhancement in   D  P ∗    (exceeding the +2σ threshold) and   N  F ∗    (slightly below the +2σ threshold) on 28 September 2021 could possibly be attributed to the specific EQ as well, since the second EQ (M6.2, 12 October 2021) occurred 2 weeks later and, therefore, it is considered unlikely to be related to it.



Moreover, anomalies were identified between 7 October 2021 and 11 October 2021, a few days before the second EQ. Specifically, on 7 October 2021, there was a significant anomaly in both   T  R ∗    and   N  F ∗    (but not in   D  P ∗   ), exceeding the +2σ and –2σ limits, respectively, that may be associated with the second EQ (12 October 2021). An enhancement in   D  P ∗   , on 09 October 2021, was observed ~3 days before the second EQ, but there was no statistically significant (i.e., exceeding –2σ and +2σ, respectively) anomaly in   T  R ∗    and   N  F ∗   . Moreover, on 11 October 2021, we could observe an enhancement in   N  F ∗   , exceeding the +2σ threshold 1 day before the second EQ (12 October 2021). However, it has to be noted that, during this specific date, there was a moderate storm (moderate to strong atmospheric instability in terms of CAPE parameter) with lightning activity in the studied area, which could possibly have affected the VLF propagation of the subionospheric path of ISR-GER.



Although the abovementioned statistical anomalies occurred only 1–1.5 weeks before the third EQ (M6.1, 19 October 2021), and even though the third EQ was well within the fifth Fresnel zone of the ISR-GER propagation path, they are unlikely to be related to the third EQ; it is more likely to be related to the second EQ. The reasons, beyond the longer time distance, are that the third EQ had a far deeper hypocenter (58 km) than the second one (8 km) and the third EQ’s epicenter was in the sea, ~130 km from the nearest coast (south coast of Karpathos Island), while the second one was very close (~22 km) to the eastern coast of Crete Island.



Finally, a decrease in   T  R ∗    and an increase in   N  F ∗   , exceeding +2σ and −2σ, respectively, was observed on 27 October 2021, while the only phenomena found that could possibly be responsible for this anomaly were moderate atmospheric instability with lightning activity at the western borders of the fifth Fresnel zone of the ISR-GER propagation path.



In terms of space/Sun phenomena (Figure 16), the only geomagnetic storms found were 2-week ones (~−50 nT), on 18 September 2021 and 12 October 2021, which are not considered to have influenced the results, while an X1 solar flare happened on 28 October 2021, close to the sunset terminator (see also Section 5.1), and less intense solar flares happened on 23 September, 9 September, 26 October, and 28 October 2021; none of them are considered to have contaminated the results, since nighttime data have been used (the used signal excerpts do not show any influence of the specific solar flares). Moreover, no eruptions of nearby located volcanos happened during the studied time period.




5.3. Geomagnetic Storm


In this section, we investigate a geomagnetic storm by analyzing the VLF/LF subionospheric propagation data with NFM (see Section 4). In Figure 17, we present in four panels the following geomagnetic indices, each one of them available in a different sampling period: Dst (1 h), Kp (3 h), ap (3 h), and Ap (1 day), for the time period from 20 October 2021 to 19 November 2021. As is clear from Figure 17, the minimum value of the Dst index, −105 nT, was observed on 4 November 2021, indicating an intense storm, while, on the same day, the three other geomagnetic indices also increased, exceeding the corresponding thresholds, e.g., max Kp = 8, indicating a “G4”, i.e., severe, event.



Tatsuta et al. [40] have reported the existence of lower ionospheric anomalies during geomagnetic storms on three statistical parameters of the NFM analysis method using nighttime VLF/LF data from long-distance high-latitude subionospheric propagation paths. Specifically, they reported that high-latitude subionospheric propagation paths are more sensitive to the impact of geomagnetic storms due to electron density enhancement in the D layer caused by high-energy auroral electron precipitation [40,70,71]. The result of this effect was a decrease in   T  R ∗   , which is related to a decrease in the nighttime amplitude, as well as an increase in   D  P ∗    and   N  F ∗   , associated with the fluctuation of the amplitude [40]. Thus, we expect that the effect of the abovementioned geomagnetic storm should be evident in at least one of the high-latitude-covering subionospheric propagation paths that is monitored by the proposed receiver.



In this direction, we used for the NFM analysis the nighttime amplitude data from 23:00 LT to 05:00 LT of the transmitter NRK, which is located in Grindavik (Iceland) (see Table 2), as recorded by the receiver GER. As usual, we removed from the signal all excerpts containing any type of artificial amplitude anomaly before applying the NFM. The subionospheric propagation path NRK-GER covers an area that extends from high latitudes to mid-latitudes, with directions from northwest to southeast.



In Figure 18, we show the NFM analysis results for the time period from 20 October 2021 to 19 November 2021, similarly to Figure 17. As is evident from Figure 18, an anomaly on 4 November 2021 was observed in   D  P ∗    and   N  F ∗   , while   T  R ∗    did not show any anomaly. These anomalies exactly coincide with the geomagnetic storm on 4 November 2021. Finally, there was no other global or local disturbance on 4 November 2021, so it is considered that these anomalies were probably caused by the geomagnetic storm of 4 November 2021.





6. Conclusions


Although the ground-based monitoring of the lower ionosphere focusing on VLF/LF subionospheric propagation path perturbations is important in the research of a wide variety of geophysical and Sun/space extreme phenomena, the procurement/reproduction of appropriate VLF/LF receivers, especially wideband ones, is very difficult.



As a low-cost, open-source (HW/SW) solution, we presented a complete VLF/LF receiver setup, providing all the necessary information for one to build it. The key components of the specific receiver are popular among radio amateurs: the “mini-whip” active antenna, and “SpectrumLab” and “GPS2Time” freeware.



Two VLF/LF receivers of the suggested setup were installed in the prefecture of Attica in Greece, on June and September of 2021, respectively. These two receivers, the only difference in which is the soundcard used, monitor 16 different VLF/LF transmitters, recording almost identical signals for each one of them.



Examples of identified perturbations due to solar flares (down to C4.7 class), strong earthquakes (M > 5.5), and an intense geomagnetic storm (max Dst < −100 nT) are presented as evidence for the appropriateness of the proposed receiver setup for research focusing on global and local ionosphere-influencing phenomena. Specifically, three solar flares that happened on 28 October 2021—an M1.4 class at 7:40 UTC, an M2.2 class at 10:28 UTC, and an X1 class at 15:35 UTC—were successfully identified as sudden ionospheric disturbances (SIDs) in the received amplitude from multiple transmitters, while even an SID due to a C4.7 class solar flare that occurred on 9 April 2022, at 11:24 UTC, was also possible to be identified. Moreover, the perturbation due to an intense geomagnetic storm (minimum Dst = −105 nT) that occurred on 4 November 2021 was successfully identified, while the disturbances possibly related to three EQs (M5.8, 27 November 2021, depth = 10 km; M6.3, 12 October 2021, depth = 8 km; M6.1, 19 October 2021, depth = 58 km) that happened in the southeastern Mediterranean, as well as to other ionosphere-influencing phenomena during the specific time period, were carefully studied.
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Figure 1. Block diagram of the proposed VLF/LF receiver. The active antenna combined with a low-noise external (or internal) soundcard are the most important stages of the receiver. The rest of the stages serve for performance optimization and signal processing. 
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Figure 2. Mini-whip active antenna is an active antenna that is a few cm long. At VHF/LF frequencies, it acts as a capacitor to the ground, capacitively coupling to the electrical field of the electromagnetic signal. (a) An example of a mini-whip active antenna that is commercially available through online stores (“PA0RDT Mini-Whip antenna”). (b) The copper plate of the antenna has dimensions 53 mm × 30 mm. (c) Electrical model of the mini-whip active antenna; C1 represents the antenna’s capacitance to Earth, and C2 the input capacitance of the first stage of the antenna preamplifier (see JFET in Figure 3). 
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Figure 3. The schematic of the PA0RDT Mini-Whip antenna, consisting of two parts: (a) the antenna preamplifier (placed on the top of the mast), which receives the electrical component of the electromagnetic field, using a copper plate as the half part of a capacitor to the Earth, and (b) the “bias tee—AC coupling” circuit (placed close to the soundcard), which provides the preamplifier with the necessary supply voltage to operate (bias tee), while it AC-couples (through the capacitor C7) the antenna signal to the soundcard. In our implementation, J1 is the JFET MMBFJ310 but 2N3819 or equivalent can also be used, while Q1 is the NPN-type BJT 2N5109 but 2N3866 or equivalent can also be used. 
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Figure 4. SpectumLab “waterfall” display of the raw signal received by the active antenna (before the application of any filters). The waveform of the signal (top), as well as the temporal variation in the spectrum, i.e., the spectrogram (bottom), and the current instant of the spectrum (right) are observed here. This view can be periodically captured and saved as a picture for later review. Scroll rate and display colors are configurable. Signal strength is represented by color-coding. Predefined and customized display templates can be applied. 
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Figure 5. (a) Block diagram of the SpectrumLab signal processing used in the proposed VLF/LF receiver design. (b) DSP filter block applies multiple narrowband bandpass filters (one per frequency of interest), adjusting also the signal strength of each monitored VLF/LF transmitter. 
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Figure 6. Freeware GPS2Time, which continuously synchronizes the PC’s RTC for better accuracy. 
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Figure 7. Satellite image of the prefecture of Attica in Greece. The two VLF/LF stations (ACH and GER) are depicted with yellow squares, while the distance between them is shown to be 16.94 km. 
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Figure 8. Map showing the locations along with the call signs of all of the transmitters that are monitored by the ACH and GER VLF/LF receivers. The blue triangle denotes the location of the two receivers, whereas the black squares indicate the locations of the monitored transmitters. 
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Figure 9. Amplitude (left panels), in dB, and phase (right panels), in degrees, ±180° wrapped, of the reception from the transmitter RBU on 23 April 2022, by the ACH and GER VLF/LF receivers. The diurnal variation in the amplitude of the signals is almost identical, while small differences are found in the diurnal variation in the phase of the signals. 
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Figure 10. Received amplitude at the ACH receiver on 28 October 2021, for the transmitters NAA, MSF, FUG, FTA-63, and FUE, located far west from the longitude of the receiver. The vertical bars indicate the time period of occurrence of the M1.4, M2.2, and X1 solar flares, in this time order. FUE signal shows the clearest disturbance due to all three of them. 
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Figure 11. Received amplitude at the ACH receiver on 28 October 2021, for the transmitters ICV, DHO-38, SRC, NSY, and DCF-77, located at the longitude of the receiver and west of it. The vertical bars indicate the time period of occurrence of the M1.4, M2.2, and X1 solar flares, in this time order. 
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Figure 12. Received amplitude at the ACH receiver on 28 October 2021, for the transmitters JNX, TBB, ISR, and RBU, located at the longitude of the receiver and east of it. The vertical bars indicate the time period of occurrence of the M1.4, M2.2, and X1 solar flares, in this time order. 






Figure 12. Received amplitude at the ACH receiver on 28 October 2021, for the transmitters JNX, TBB, ISR, and RBU, located at the longitude of the receiver and east of it. The vertical bars indicate the time period of occurrence of the M1.4, M2.2, and X1 solar flares, in this time order.



[image: Foundations 02 00044 g012]







[image: Foundations 02 00044 g013 550] 





Figure 13. Zoom-in of the received amplitude at the ACH receiver on 9 April 2022, around the time of occurrence of a C4.7 class solar flare, for the transmitters JNX, ICV, DHO-38, NAA, TBB, ISR, SRC, NSY, MSF, FUG, FTA-63, FUE, RBU, and DCF-77. The vertical bars indicate the time period of occurrence of the C4.7 solar flare. 
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Figure 14. Map of eastern Mediterranean. The fifth Fresnel zone of the propagation path ISR-GER is indicated, as well as the epicenters and dates of the studied EQs (Table 3). 
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Figure 15. Time evolution of three statistical quantities,   T  R ∗   ,   D  P ∗   , and   N  F ∗   , of the NFM analysis method for the subionospheric path GER-ISR is shown in the top, middle, and bottom panels, respectively. The time period represented in the figure is from 15 November 2021 to 31 October 2021. Red solid horizontal lines indicate the corresponding +2σ/−2σ limits; σ is calculated for the whole studied period of each panel. The dates of three EQs are shown on top of each panel by the red vertical line segments, marked on the top panel as “1st EQ”, “2nd EQ”, and “3rd EQ”. 
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Figure 16. Geomagnetic indices Dst, Kp, ap, and Ap, as well as solar flares during the time period 1 September 2021–31 October 2021. Red colored parts indicate values exceeding the thresholds marked by the horizontal black dashed lines. 
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Figure 17. Geomagnetic indices of Dst (value per 1 h), Kp (1 value per 3 h), ap (1 value per 3 h), Ap (1 value per day) are shown for the time period from 20 October 2021 to 19 November 2021. The horizontal dashed black line in each of the panels indicates the threshold for a moderate geomagnetic storm for each index. Red colored parts indicate values exceeding each threshold. 
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Figure 18. Daily variations in the two statistical quantities,   D  P ∗   ,   N  F ∗   , for the subionospheric path GER-ISR, for the time period from 20 October 2021 to 19 November 2021. Red solid horizontal lines indicate the corresponding +2σ/−2σ limits; σ is calculated for the whole studied period in each panel. 
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Table 1. Key settings of SpectrumLab for the suggested VLF/LF receiver setup. In the example, an external (USB-connected) Focusrite Scarlet 2i2 soundcard is used for the acquisition of the signal received by the active antenna (left channel), while a 1 PPS synchronization pulse from the GPS receiver is also acquired by the soundcard (right channel). The spectrum sampling period in this example is 15 s. The monitored transmitters are shown in Table 2. Full settings of the suggested VLF/LF setup are provided in the online available supplementary material for this article.
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	Menu Card Name
	Parameter Name
	Parameter Value





	Audio I/O
	Input device
	Focusrite USB ASIO



	Audio I/O
	Nominal sample rate in
	192,000



	Audio I/O
	Stereo input
	<Checked>



	Audio I/O
	Bits/sample
	16



	Audio I/O
	Minimize latency
	<Checked>



	Spectrum (2)
	Range
	1 × 10−6–5 × 10−3 V



	FFT
	Decimate input by
	1



	FFT
	FFT input size
	2,097,152



	FFT
	Same FFT params for all analyzer channels
	<Checked>



	FFT
	Type
	Real FFT, starting at 0 Hz (Audio)



	FFT
	Source
	L5 = Left Output, 192 kS/s



	FFT
	FFT output
	Normal



	FFT
	Unit
	V



	Spectrum (1)
	“Waterfall” scroll interval
	15 s



	Sampling Rate and Frequency Correction
	Sync frequency
	1.0 Hz



	Sampling Rate and Frequency Correction
	Input channel
	R0 (direct)



	Sampling Rate and Frequency Correction
	Mode
	GPS sync without NMEA



	Screen Capture, Periodic and Scheduled Actions
	Scheduled actions
	Export.start

(#1,”str(“YYYMMDD,now)+”.csv”)



	Screen Capture, Periodic and Scheduled Actions
	Scheduled actions
	Plot.export_file=

(“plot_”+str(“YYYMMDD”,now)+”.csv”)
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Table 3. List of examined EQs in southeastern Mediterranean.
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	Time of Occurrence
	Magnitude (ML)
	Depth (km)
	Latitude
	Longitude





	27 November 2021

06:17:21 (UTC)
	5.8
	10
	35.1512° N
	25.2736° E



	12 October 2021

09:24:03 (UTC)
	6.3
	8
	35.0409° N
	26.5118° E



	19 October 2021

05:32:35 (UTC)
	6.1
	58
	34.7131° N
	28.2532° E
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