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Abstract
In the infrasonic observation of a fumarolic field, distinguishing multiple fumarolic sources is challenging. The array technique effectively estimates the source locations and identifies the target signal from other signals and noise. We conducted an experiment at Kirishima Iwo-Yama, Japan, where two active fumarolic areas were separated by ~ 450 m. A three-element array with an aperture of ~ 20 m was installed between the two fumarolic areas. In addition, a single microphone was installed near one of the fumaroles. The array combined with the waveform correlation analysis estimated the most prominent source but failed to estimate the other weak source. A joint analysis of the array and the single microphone effectively resolved the two sources. It was also confirmed that newly developed power-saving MEMS microphones were useful for observing the fumaroles. This paper presents the instrumentation and analytical method that would be beneficial for monitoring volcanoes that have multiple hydrothermally active vents.
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Introduction
Distinguishing multiple acoustic sources is a challenge during infrasonic monitoring of volcanoes having multiple active vents. In Stromboli, Italy, several vents are active simultaneously (e.g., Chouet et al. 1997; Ripepe and Marchetti 2002; Salvatore et al. 2018; Yamakawa et al. 2022). In some volcanoes, flank eruptions formed multiple new vents emanating infrasound, like the 2006 and 2007 eruptions of Etna, Italy (Marchetti et al. 2009; Cannata et al. 2009) and the 2007 eruption of Kilauea, Hawaii (Fee et al. 2011). Also, multiple new vents can open in phreatic eruptions, like the 2018 eruption of Kirishima Iwo-Yama, Japan (Muramatsu et al. 2021). Historically, Sakurajima has erupted simultaneously at the eastern and western flanks in 1914 (Iguchi 2013). In many cases, infrasound analysts avoid the multiple source problem by choosing the time windows or assuming that the most significant single source produces most of the observed waveform (e.g., Ripepe and Marchetti 2002; Yokoo et al. 2014; Yamakawa et al. 2022). These methods are effective when a transient large-amplitude signal, such as an explosion wave, is observed or a single crater’s activity is more significant than that of others. However, the multiple sources matter when no signal is dominant because all of their amplitudes are similar among them or are as low as the noise.
A fumarole is a vent that emanates steam and other volatiles, such as carbon dioxide and sulfur dioxide, in an active volcanic environment (McKee et al. 2017). Its geochemical signatures provide information about sub-surface volcanic activity (Wallace 2005; Fischer 2008). Because fumaroles can be active even when the volcano is not eruptive, they can be good observation targets in field experiments. Some studies have focused on the acoustic noise emanating from a fumarole (Woulff and McGetchin 1976; McKee et al. 2017). McKee et al. (2017) investigated infrasound associated with the gas-jetting from the Naka-dake crater of Aso Volcano (Japan). They found low-amplitude sustained broadband (0.5–25 Hz) infrasonic signals and compared their power spectra with laboratory jet noise spectra (Tam et al. 2008) to estimate the jet velocity. Eventually, they converted the jet velocity to a total volatile flux. Their work suggested a new monitoring method for fumaroles.
Active hydrothermal fields often host multiple fumaroles within several hundred meters. For example, La Fossa Crater, Vulcano Island, Italy, has countless vents in the 0.045-km2 fumarolic field (Aiuppa et al. 2005), and Kirishima Iwo-Yama, Kyushu, Japan, has six or more fumaroles within a 0.01-km2 area (Tajima et al. 2020, see also Fig. 1b). Because the fumarolic infrasound is weak, it is often obscured by wind noise and needs a high-performance recording microphone for detection. A very-small-aperture (VSA) array having an aperture a few tens of meters wide (Yamakawa et al. 2018, 2022) may contribute to resolving such signals. To assess the applicability of our instrumentation in multiple-vent fumarole fields, we conducted an experiment using a VSA array at Kirishima Iwo-Yama. This paper presents the results and discusses the performance and improvements we made to VSA array observation to resolve multiple sources.[image: ]
Fig. 1Kirishima Iwo-Yama and the observation array. a The locations of Kirishima Iwo-Yama and nearby regional meteorological stations. b The locations of the craters (ISC and IWC), vents (Y1–T3, W3, W4), the SI microphone, and the VSA array, modified from Fig. 3 of Tajima et al. (2020). c An overview of the field experiment. c1 The observation geometry consisting of the VSA array (microphones A1–A3) and the SI microphone with respect to the ISC and IWC fumaroles. c2, c3 The topographic features between the VSA array site (white circle) and the IWC fumarole (c2), and the ISC fumarole (c3). c4 The ground dip at the array site. d An image of the ISC fumarole taken from the array location (the camera symbol shown in c1)



Kirishima Iwo-Yama
The experiment was conducted on 19–20 October 2020 at Kirishima Iwo-Yama (hereafter just Iwo-Yama), Kyushu, Japan (Fig. 1), where several active fumaroles existed. The detail of the Iwo-Yama’s activity was documented by Tajima et al. (2020) and is shortly summarized below. Since December 2015, the fumarolic activity had been varying with the changes in the thermal anomaly area where the temperature (measured by a thermocouple at ~ 10 cm deep) was higher than 50 °C. The fumaroles’ formation and jetting with audible sound around the Iwo-Yama summit crater started in 2017. On 19 April 2018, the phreatic eruption occurred at the Iwo-Yama south crater (ISC) and then the Iwo-Yama west crater (IWC) became active. Muramatsu et al. (2021, 2022) reported the infrasonic activities of the ISC and IWC during the phreatic eruption in April 2018. They identified two simultaneous sources using data recorded at two infrasound stations: a prominent source from the ISC and a weaker one from the IWC (Fig. 1b). Muramatsu et al. (2022) documented the detail of the infrasonic activity at the ISC in the eruption period comparing with the images by a monitoring camera.
During our observation period (18–19 October 2020), the Y2a and Y3 vents in the ISC and the W4 vent in the IWC (Fig. 1b; Tajima et al. 2020; Muramatsu et al. 2021) were both still persistently steaming (Fig. 1d), but their activity was much weaker than the one reported by Muramatsu et al. (2021, 2022). The acoustic signals from the calm activity of multiple fumaroles of Iwo-Yama had not been observed and analyzed in detail. The main purpose of this paper is to resolve the infrasonic signals from these two craters. Hereafter, we refer to the Y2a and Y3 vents as the ISC fumarole and the W4 vent as the IWC fumarole (Fig. 1b).

Observations
A three-element VSA array with an aperture of 15 m was installed between the ISC and IWC fumaroles (Fig. 1c). The distances from the array to the ISC and IWC fumaroles were 150 m and 300 m, respectively. The array was operated from 17:30 on 18 October 2020 to 12:30 on the next day (Japan Standard Time). We inferred that the temperature and wind at Iwo-Yama during the operation were 6–14 °C and 0–3 m/s, respectively, as reported by the regional meteorological stations (Fig. 1a) (Additional file 1: S1).
Each element of the VSA array was a condenser microphone (Type7744N, ACO Co., flat response in 0.1–1000 Hz, power consumption ~ 3 mA, self-noise ~ 0.0009 Pa, sensitivity ~ 8 mV/Pa), hereafter referred to as ACO microphones (A1, A2, and A3). The VSA array with microphones of this type successfully estimated the back azimuths with the error of ~ 2 and ~ 5 degrees in > 5 Hz and 1–5 Hz, respectively, even though it had significant errors below 1 Hz due to its small aperture (Yamakawa et al. 2022). We placed each ACO microphone in a small box to protect it from rain. A 3-channel 24-bit data logger (LS8800, HAKUSAN Co.) recorded the data at 200 Hz with an anti-aliasing filter (a low-pass filter below 80 Hz).
Because phreatic eruption jets and fumarolic jets generally produce weak infrasound (McKee et al. 2017; Muramatsu et al. 2021, 2022), we anticipated that the signals at Iwo-Yama were subtle, even below the microphones’ self-noise. Therefore, we enclosed a newly developed high-sensitivity microelectromechanical systems (MEMS) microphone (Wada and Takahashi 2020; Additional file﻿ 1: S2) together with each ACO microphone, expecting that the use of two different types of microphones could confirm the robustness of the results. We put the documentation about the MEMS microphones in Supporting Information (Additional file 1: S2 and S3) because the waveforms and results are essentially identical to those with the ACO microphones (Fig. 2a).[image: ]
Fig. 2Waveforms, spectrograms, and correlation coefficients. a Examples of the observed waveforms at 0.3–80 Hz (a1, a3) and 5–80 Hz (a2). The line colors indicate the microphones (blue, A1; red, A2; yellow, A3; purple, SI). The lower darker blue, red, and yellow lines in (a1–a3) show the waveforms recorded by the collocated MEMS microphones. b–f The waveforms at 0.3–80 Hz (b1, b2), the spectrograms (c, d), and the cross-correlation coefficients (CCs) (e, f) acquired during the array observation on the left (b1, c, e) and with the SI observation on the right (b2, d, f). The black dashed line in b1 indicates the start time for b2. The black triangles in b1 and b2 mark the origin times of a1, a2 and a3, respectively. The displayed spectrograms are of A1 (c) and SI (d), the array CC between A1 and A3 (f), and the SI-array CC between SI and A1 (e) using the waveforms at 5–80 Hz. The arrowheads on the right axis in e and f indicate the lag times between the microphones assuming the ISC source (red) and IWC source (green). The waveforms, spectrograms, and CCs for the other microphones are presented in Additional file 1: S4


In addition to the array, a single microphone (SI102, HAKUSAN Co., flat response in 0.1–1500 Hz, power consumption of < 25 mA, self-noise ~ 0.02 Pa, sensitivity ~ 1 mV/Pa) was installed near the IWC fumarole. Hereafter, we refer to it as the SI microphone. The distances from the SI microphone to the IWC and ISC fumaroles were ~ 15 m and ~ 450 m, respectively. The SI microphone was housed in a box with a data logger (HKS-9700, KGC Co.). The data were recorded at 1000 Hz in 24 bit from 11:30 to 12:30 on 20 October 2020, when the temperature and wind speed at Iwo-Yama were inferred to be ~ 12 °C and ~ 3 m/s, respectively (Additional file 1: S1).

Analysis
Because the fumarole continuously emanated infrasound, the waveforms had no apparent onset. The waveforms recorded by the array microphones had dominant frequencies at ~ 10 and ~ 35 Hz, though such spectral peaks were not obvious in the SI microphone’s record (Fig. 2d; see also Additional file 1: S4). The waveform correlation between the array elements was retained good up to 80 Hz (the upper limit band of the 200 Hz sampling with the anti-aliasing instrumental filter) during the observation period (Additional file 1: S4). In contrast, low-frequency components below 5 Hz depended significantly on time, affected by wind noise (see the “Results” section). From above, we decided to use the bands above 5 Hz. Because we did not know the frequency contents of all signals, we used the broad band (5–80 Hz) in the analyses.
We calculated the cross-correlation functions (CCFs) and cross-correlation coefficients (CCs). To improve the signal-to-noise ratio, we stacked the CCFs and CCs for each microphone pair in successive time windows. Each CCFs and CC was calculated using a 1-min time window. Note that different window lengths produced the same results due to the persistency of the signals. Sixty successive CCFs and CCs for time windows overlapping by 59 s (namely, the 2-min-long data) were stacked. Hereafter, the term “CCF” and “CC” indicates the stacked ones.
The SI microphone might have recorded a significant signal from the IWC fumarole because it was located in close proximity (only ~ 15 m away, Fig. 1c). Therefore, the cross-correlations (CCs and CCFs) between the SI and array microphones were also analyzed. Hereafter, we call the CC between the SI microphone and each element of the array the “SI-array CC” and distinguish it from the CC between a pair of the array elements (denoted as the “array CC”). We stacked the SI-array CCs with intervals longer than 30 min to resolve the weak signal and applied the lag time fitting method to the SI-array CCs.
As the array analysis, we applied the grid search method (Johnson and Palma 2015; Yamakawa et al. 2018). We defined the lag time as the arrival time difference between a sensor pair. We modeled the lag times as functions of the slowness vector, assuming the plane wave propagation. Then, we calculated the lag times on the slowness grids of the northward and eastward components from − 6.0 to 6.0 s/km with the 0.01 s/km interval. On the other hand, we estimated the observed lag time by maximizing the stacked correlation for each sensor pair. Finally, we searched for the slowness grid that gave the smallest fitting residual (the mean square of the differences between the observed and modeled lag times of all the sensor pairs).

Results
Figure 2b–f presents some examples of the waveforms, spectrograms, and CCs obtained from our analysis. Other data are shown in Additional file 1: S4. Although the enlarged waveforms of the individual array elements are sometimes different (Fig. 2a), the spectral structures of A1–A3 are consistent in time and similar to each other (Additional file 1: Fig. S4.1). The power below 5 Hz is significantly time-dependent (Fig. 2c). When the low-frequency power is large, the array CCs become poor (Additional file 1: Fig. S4.2). We infer that the temporally varying low-frequency components are due to wind noise because the correlation in the whole bands becomes smaller when the low-frequency power is larger (Additional file 1: Fig. S4.2). When the wind speed is [image: $$v$$], wind noise with a frequency [image: $$f$$] loses correlation beyond a distance of [image: $$v/\left( {3f} \right)$$] (Shields 2005). At a distance of 10 m, wind noise above 0.3 Hz should have little correlation under normal wind speeds.
In contrast, the higher components above 5 Hz are stable (Fig. 2c) and coherent among the array elements (Fig. 2e), indicating the existence of a persistent infrasound signal. The signal firstly arrives at A3, secondly at A1 ~ 0.025 s after A3, and finally at A2 with a slight delay after A1. These lag times clearly indicated that the signal propagates from an eastern source, i.e., the ISC fumarole, at the acoustic speed (Fig. 3a, see also Additional file 1: Fig. S5a).[image: ]
Fig. 3Correlation coefficients (CCs) and the array analysis results. a The array CC and b SI-array CC at 5–80 Hz. Enlarged view of b around the minor peak (b1) and the prominent peak (b2). The vertical lines with the corresponding colors mark the calculated infrasound propagation time differences between the microphone pairs, assuming that the sources are located at the IWC fumarole (dotted lines) and the ISC fumarole (dashed lines). The lag time fitting results for the peaks in b1 and b2 are shown in c1, d1 and c2, d2, respectively. c The fitting residual using all pairs of SI-array CC is shown as functions of horizontal components of the slowness. The white circles indicate acoustic slowness. d The blue curves indicate the source hyperbola obtained from the SI–A1 lag time fitting assuming the propagation velocities as 335, 340, 345, and 350 m/s. The green angle range from the VSA array shows the estimated back azimuth (2 STD) obtained from c. The white and red points mark the microphones’ and fumaroles’ locations, respectively. e The power spectra densities (PSDs) normalized by the power in the main bands ranging from 5 to 50 Hz, which were calculated using the three CCs in b1 and b2 are shown in e1 by the red line and in e2 by the blue line, respectively. They are compared with the PSD for the array microphones (green) and the PSD for the SI microphone (purple). For the former (the green line), the normalized PSDs for the individual array microphones are averaged


The SI microphone data exhibit waveforms and spectral structures different from those of the array microphones even above 5 Hz (Fig. 2a3, d). We infer that the SI microphone might have recorded signals from different sources, which we discuss later in more detail for the SI-array CCs. Here, we focus mainly on the persistent signal above 5 Hz, using data acquired during the operation of all microphones (from 11:30 to 12:30 on 20 October).
The lag times obtained from the array CCs suggest an acoustic signal from the ISC direction. However, there are no apparent correlation peaks indicating the IWC fumarole (Fig. 3a). The MUSIC algorithm (Schmidt 1986) and the CLEAN beamforming (den Ouden et al. 2020) also failed to resolve the IWC fumarole’s source (Additional file 1: S5), at least with the current three-element array. The reason of this failure is discussed later (“Power ratio of the two sources” section).
However, each SI-array CCs shows a prominent peak for a positive lag time and unclear small peaks for a negative lag time (Fig. 3b). By stacking the CCs for longer than 30 min, the small peaks become a single peak for each of the SI-array CCs (Fig. 3b1, Additional file 1: S6). The lag times of these minor peaks are consistent with the signal from the direction of the IWC fumarole (Fig. 3c1), while the prominent peak (Fig. 3b2) corresponds to the direction of the ISC fumarole (Fig. 3c2). It should be noted that ambient noise can also form a pair of peaks, with a symmetrically to zero time delay, in the cross-correlation between two stations. The peaks represent Green’s function between the station pair (Shapiro and Campillo 2004; Ortiz et al. 2021). However, it is more probable that the observed correlation peaks are comprised of fumarolic signals rather than ambient noise (discussed in “Correlation response” section). The result indicates that the SI-array CC analysis successfully identified the contribution of the IWC fumarole with a time resolution of ~ 30 min.
Even if there are only two microphones (SI and one of the array elements, e.g., A1), the lag time for each peak of the single SI-array CC can constrain the source hyperbola. We draw the hyperbola assuming the acoustic velocities of 335–350 m/s, corresponding to the temperatures of 6–23 °C (blue lines in Fig. 3d). Both fumarolic areas are near the hyperbolas. Combining the hyperbola and the back-azimuth obtained by all the SI-array CCs (Fig. 3c) well constrained the source area (Fig. 3d).
Based on Parseval’s theorem, the power spectrum can be derived from the cross-correlation functions (CCFs). Because the SI-array CC resolved the contribution of each source, the Fourier transform of the SI-array CCF in a limited lag-time range around each peak should give the power spectral density (PSD) for the corresponding source signal. Thus, we obtained the PSDs for the ISC fumarole signal (Fig. 3e1) and the IWC fumarole signal (Fig. 3e2).

Discussion
Power ratio of the two sources
Some array analysis methods, such as MUSIC (Schmidt 1986) and CLEAN beamforming (den Ouden et al. 2020), are designed to resolve multiple sources. However, these methods with the current dataset identify only the ISC fumarole signals (Additional file 1: Fig. S5). Namely, the analyses fail to distinguish the ISC and IWC fumaroles simultaneously. This failure may relate to the significantly larger power of the ISC fumarole signal compared to the IWC’s.
We estimated the individual source power, assuming simple monopole sources (e.g., Woulff and McGetchin 1976). The monopole source amplitudes can be calculated from their associated source-receiver distances and the peak values of the cross-correlation functions. We modeled the waveforms [image: $$F^a \left( t \right)$$] at the array and [image: $$F^b \left( t \right)$$] at the SI microphone as follows:[image: $$F^a \left( t \right) = \frac{{S_1 \left( {t - \tau_1^a } \right)}}{{\left| {{{\varvec{y}}}_1 - {{\varvec{x}}}^a } \right|}} + \frac{{S_2 \left( {t - \tau_2^a } \right)}}{{\left| {{{\varvec{y}}}_2 - {{\varvec{x}}}^a } \right|}} + N^a \left( t \right),$$]

 (1)


[image: $$F^b \left( t \right) = \frac{{S_1 \left( {t - \tau_1^b } \right)}}{{\left| {{{\varvec{y}}}_1 - {{\varvec{x}}}^b } \right|}} + \frac{{S_2 \left( {t - \tau_2^b } \right)}}{{\left| {{{\varvec{y}}}_2 - {{\varvec{x}}}^b } \right|}} + N^b \left( t \right),$$]

 (2)


where [image: $${{\varvec{x}}}^n$$] and [image: $$N^n \left( t \right)$$] indicate the location and noise at the station [image: $$n$$] ([image: $$a$$] or [image: $$b$$]), respectively; [image: $$S_m \left( t \right)$$] and [image: $${{\varvec{y}}}_m$$] indicate the source time function and location of the source [image: $$m$$] (1 or 2), respectively; and [image: $$\tau_m^n$$] indicates the travel time from source [image: $$m$$] to station [image: $$n$$]. For the convenience, we define [image: $$\Delta \tau_m = \tau_m^b - \tau_m^a$$] and [image: $$\Delta \tau^n = \tau_2^n - \tau_1^n$$]. We assume that the correlations between the two sources, source and noise, and noise at the two stations are negligible, namely, [image: $$E\left[ {S_1 \left( t \right)S_2 \left( t \right)} \right] = E\left[ {S_m \left( t \right)N^n \left( t \right)} \right] = E\left[ {N^a \left( t \right)N^b \left( t \right)} \right] = 0,$$] where [image: $$E\left[ \cdot \right]$$] is the ensemble average. In addition, because [image: $$\Delta \tau_1$$] and [image: $$\Delta \tau_2$$] are significantly different (the locations of the colored dotted lines and colored dashed lines in Fig. 4b, respectively), the correlation between [image: $$S_m \left( {t - \Delta \tau_1 } \right)$$] and [image: $$S_m \left( {t - \Delta \tau_2 } \right)$$] is assumed to be negligible compared to the power of the sources, namely, [image: $$E\left[ {S_1 \left( t \right)S_1 \left( t \right)} \right] \gg E\left[ {S_2 \left( {t - \Delta \tau_1 } \right)S_2 \left( {t - \Delta \tau_2 } \right)} \right]$$] and [image: $$E\left[ {S_2 \left( t \right)S_2 \left( t \right)} \right] \gg E\left[ {S_1 \left( {t - \Delta \tau_1 } \right)S_1 \left( {t - \Delta \tau_2 } \right)} \right]$$]. Considering the general relation [image: $$E\left[ {f_1 \left( t \right)f_2 \left( {t + T} \right)} \right] = E\left[ {f_1 \left( {t - T} \right)f_2 \left( t \right)} \right]$$] for arbitrary functions [image: $$f_1$$] and [image: $$f_2$$], we obtain the relation that [image: $$E\left[ {S_m \left( {t - \Delta \tau_1 } \right)S_m \left( {t - \Delta \tau_2 } \right)} \right] = E\left[ {S_m \left( {t - \Delta \tau^a } \right)S_m \left( {t - \Delta \tau^b } \right)} \right]$$]. Then, we can calculate the power of the sources [image: $$PS_1$$] and [image: $$PS_2$$] as follows:[image: $$PS_{m} = E \left[ S_m \left( t \right)S_m \left( t \right)\right] \simeq \left| y_m - x^a \right|\left| y_m - x^b\right|E\left[ F^a \left( t + \tau _m^a \right)F^b \left( t + \tau _m^b \right) \right],$$]

 (3)


where [image: $$E\left[ {F^a \left( {t + \tau_m^a } \right)F^b \left( {t + \tau_m^b } \right)} \right]$$] may be evaluated from the peak values for the SI-array CCFs. Once [image: $$PS_1$$] and [image: $$PS_2$$] are obtained, we can calculate the noise power at the [image: $$n$$]-th station [image: $$PN^n$$] as follows:[image: $$PN^n = E\left[ {F^n \left( t \right)F^n \left( t \right)} \right] - \frac{PS_1 }{{\left| {{{\varvec{y}}}_1 - {{\varvec{x}}}^n } \right|^2 }} - \frac{PS_2 }{{\left| {{{\varvec{y}}}_2 - {{\varvec{x}}}^n } \right|^2 }} .$$]

 (4)


[image: ]
Fig. 4The correlation peaks generated by ambient noise (correlation responses). a1 The locations of the microphones (blue points), signal sources (red triangles), and ambient noise sources (gray dots). a2 An enlarged view of a1. b, c The observed array CCs (b) and SI-array CCs (c). They are compared with the synthetic array CCs (b1–b5; the vertical scales are identical to that of b) and SI-array CCs (c1–c5). The numbers 1–5 indicate the synthetic test numbers in Table 2


Note that this monopole assumption holds several problems. Firstly, the laboratory jet noise exhibits complex radiation patterns and correlation behaviors (Tam et al. 2008). Secondly, the volcanic jet could be a multi-pole infrasound source, mainly consisting of a monopole and a dipole (Iezzi et al. 2022). Nevertheless, we regard that this approach provides the approximate estimation of the two fumarolic source powers because the monopole radiation is the most efficient.
The results are shown in Table 1. The source amplitude of the ISC fumarole is estimated to be larger than that of the IWC fumarole by one or two orders of magnitude. Although the SI microphone is near the IWC fumarole (~ 15 m distant), the ISC fumarole’s power is comparable to that for the IWC fumarole. This emphasizes that it is crucial to identify the multiple sources, even when we place a microphone very close to a target source. It is also noted that the estimated signal levels are as small as 0.0007 Pa at the ACO microphones and 0.0067 Pa at the SI microphone (Table 1), which are smaller than the nominal self-noise levels for the microphones, as provided by the manufacturers (ACO: 0.0009 Pa; SI:0.02 Pa). The cross-correlation analyses help identify such small signals by suppressing the noise. We obtained essentially same results using the waveforms recorded by MEMS microphones, which supported the robustness of the results.Table 1Summary of the infrasound sources


	 	ISC fumarole
	IWC fumarole
	Noise

	Distance from the array (m)
	150
	300
	–

	Distance from the SI microphone (m)
	450
	15
	–

	Peak value of the array CC
	0.80
	–
	–

	Peak value of the SI-array CC
	0.13
	0.01
	–

	Monopole source amplitude (at 1 m) (Pa)
	3
	0.2
	–

	RMS amplitude at the array (Pa)
	0.0200
	0.0007
	0.0223

	RMS amplitude at the SI microphone (Pa)
	0.0067
	0.0140
	0.0257

	Power fractions at the array (%)
	44.4
	0.1
	55.5

	Power fractions at the SI microphone (%)
	5.0
	21.8
	73.2





Correlation response
The cross-correlation of a random isotropic wavefield recorded at two stations can represent the Green function between the stations (Shapiro and Campillo 2004; Bensen et al. 2007; Wapenaar et al 2011), which helps to estimate the seismic velocity structures and their temporal variations (e.g., Brenguier et al. 2008; Tonegawa et al. 2009; Hirose et al. 2017; Nishida et al. 2020). Although the atmosphere is a time-dependent moving medium, such seismic processing has been successfully applied in the infrasound studies (Haney et al. 2009; Ortiz et al. 2021). However, the emergence of the Green function is problematic in the current analysis. The numerical test assuming enormous ambient noise sources around the stations (Fig. 4a) shows that the synthetic array CC and SI-array CC (explained later) exhibit a pair of peaks (Fig. 4b1, c1, respectively). In this study, we call such ambient-noise-related peaks in the CCs the “correlation response.”
What matters is that the CCs can exhibit two minor but significant peaks without any infrasound signals due to the correlation response (Fig. 4c1). Because the IWC peak in the SI-array CC is small (Fig. 3b1), it is not easy to distinguish whether it represents the correlation response or the IWC fumarole signal. In the former case, there should be another minor peak around + 0.8 s in the SI-array CC because the correlation response should emerge symmetrically with respect to the zero-lag time (Fig. 4b1, c1). However, the correlation peak for the ISC fumarole signal may mask such a peak (Fig. 3b2). In addition, because the SI microphone was near the IWC fumarole, it was not easy to distinguish the IWC fumarolic signal and the correlation response from the SI microphone with the array analysis (Fig. 3d1).
Here, we describe synthetic tests to investigate the correlation response. All the stations and fumaroles were approximated on a single plane for simplicity (Fig. 4a). We also assumed the ambient noise sources in the same plane because they are confirmed to make more distinct correlation responses than those out of the plane. The waveform, [image: $$F^n \left( t \right)$$], recorded at the [image: $$n$$]-th microphone at [image: $${{\varvec{x}}}^n$$], consists of two dominant signals (i.e., two fumarolic sources), local non-acoustic noise, and random acoustic noise from the numerous weak acoustic sources:[image: $$F^n \left( t \right) =\; A_1 \frac{{s_1 \left( {t - \tau_1^n } \right)}}{{\left| {{{\varvec{y}}}_1 - {{\varvec{x}}}^n } \right|}} + A_2 \frac{{s_2 \left( {t - \tau_2^n } \right)}}{{\left| {{{\varvec{y}}}_2 - {{\varvec{x}}}^n } \right|}} + A_{{\text{noise}}}^n s_{{\text{noise}}}^n \left( t \right) + \mathop \sum \limits_k A_k \frac{{s_k \left( {t - \tau_k^n } \right)}}{{\left| {{{\varvec{y}}}_k - {{\varvec{x}}}^n } \right|}},$$]

 (5)


where [image: $$s_1$$] and [image: $$s_2$$] are the normalized synthetic waveforms from the ISC and IWC fumaroles, respectively; [image: $$s_{{\text{noise}}}^n$$] is the non-acoustic noise at the [image: $$n$$]-th microphone, uncorrelated between the microphones; and [image: $$s_k$$] is the normalized acoustic noise from the [image: $$k$$]-th ambient source. Their amplitudes are denoted by [image: $$A_1$$], [image: $$A_2$$], [image: $$A_{{\text{noise}}}^n$$], and [image: $$A_k$$], respectively. The source-to-station propagation times of the acoustic waves are [image: $$\tau_1^n$$], [image: $$\tau_2^n$$], and [image: $$\tau_k^n$$], and the source locations are [image: $$y_1$$], [image: $$y_2$$], and [image: $$y_k$$], respectively. We distributed 10,000 ambient sources in 4 × 4 km2 area and then picked the sources within 2 km of the stations except for the nearest 400 m of the mid-point (Fig. 4a) to avoid ambient sources having a power larger than that of the fumarolic signals. As a result, 7000–8000 ambient sources were used. Note that the minor difference of the ambient source distribution did not affect the results. Gaussian noise filtered at 5–80 Hz was used as the synthetic source waveforms. All the synthetic source waveforms ([image: $$s_1$$], [image: $$s_2$$], [image: $$s_{{\text{noise}}}^1$$], [image: $$s_{{\text{noise}}}^2$$], and each of noise waveforms [image: $$s_k$$]) are independent each other and thus all the cross-correlations between the source waveforms are negligible. The synthetic CCs were calculated in 1-min time windows with 60 min stacking.
We calculated the synthetic array-CCs (Figs. 4b1–b5) and SI-array CCs (4c1–c5) for several conditions (Table 2) and compared them with the observations (Fig. 4b, c). The results are summarized in Table 2. As expected, the synthetic CCs without fumarolic signals show small symmetric peaks in the correlation response (Test 1: Fig. 4b1, c1). The peak values are as small as the minor peak for the observed SI-array CC (Fig. 4b, c). In the test, including a synthetic ISC signal with an adequate amplitude and ambient noise, the peak values of the synthetic array CCs are smaller than the observation, even if the peak values for the SI-array CC are similar to the observation (Test 2: Fig. 4b2, c2). A larger synthetic ISC signal could reproduce the observed peak values for the array CCs. However, it also produced an overly large ISC peak value in the synthetic SI-array CC (Test 3: Fig. 4b3, c3) and weakened the peak for the correlation response at − 0.8 s. Adding non-acoustic noise to the synthetic SI microphone data could suppress the peak in the synthetic SI-array CC but erase the peak at − 0.8 s (Test 4: Fig. 4b4, c4). The IWC fumarole signal is necessary to explain all the peak values for the CCs (Test 5: Fig. 4b5, c5, Table 2), at least in these synthetic tests. From the above discussion, we concluded that the IWC fumarole signal formed the minor peak for the SI-array CC.Table 2Synthetic test parameters and the correlation peak values


	 	ISC amplitude [image: $$\left( {A_1 } \right)$$]
	IWC amplitude [image: $$\left( {A_2 } \right)$$]
	Noise amplitude in SI microphone [image: $$\left( {A_{{\text{noise}}}^b } \right)$$]
	Peak value of array CC
	Peak value of SI-array CC in + 0.8 s
	Peak value of SI-array CC in − 0.8 s

	Observation
	–
	–
	–
	0.90
	0.13
	0.01

	Test 1
	0
	0
	0
	0.12
	0.02
	0.03

	Test 2
	8
	0
	0
	0.30
	0.13
	0.01

	Test 3
	25
	0
	0
	0.90
	0.50
	0.005

	Test 4
	25
	0
	0.4
	0.90
	0.13
	None

	Test 5
	25
	2
	0.4
	0.90
	0.13
	0.01


The noise amplitudes in Eq. 5 are fixed as [image: $$A_{{\text{noise}}}^n = 0 \left( {n = {\text{A}}1,{\text{ A}}2,{\text{ A}}3} \right)$$], and [image: $$A_k = 1$$]




Power spectrum
At the array, the contribution of the ISC fumarole is significant (Table 1). Thus, the power spectrum of the array elements (green line in Fig. 3e) should have been characterized by the infrasound signal from the ISC fumarole. The distinctive feature is the power concentration around 10 Hz and 35 Hz, which was seen throughout the observation period (Fig. 2c). Although the significant power at ~ 35 Hz is found in both power spectra for the IWC (the red line in Fig. 3e1) and ISC signals (the blue line in Fig. 3e2), the numerical tests using synthetic waveforms confirm it to originate from the ISC signal (Additional file 1: S7).
Identification of the mechanism generating the power at ~ 10 Hz or ~ 35 Hz would be important for investigating the fumarole. In volcanoes, harmonic monochromatic sources are often observed and modeled (e.g., Fee et al. 2010; Ripepe et al. 2010; Goto et al. 2011; Yokoo et al. 2019). Subsurface topographical resonances, such as the Helmholtz resonance (Fee et al. 2010; Goto et al. 2011; Vergniolle and Caplan-Auerbach 2004) or the resonance of the conduit (Watson et al. 2019), have been considered. Similarly, resonance frequencies of the fumarolic vent system under the ground might enhance the power at ~ 10 Hz or ~ 35 Hz. The ground topography also significantly affects the power spectral shape (Yamakawa 2022). There is a small wall behind the ISC fumarole (Fig. 2c), which might have influenced the resonance frequency of the fumarolic vent system above ground. Further investigation is needed to understand the fumarolic infrasound characterization mechanisms.

VSA array and SI microphone
Our methods and results should improve the future infrasonic observation in regions where a dominant source and minor sources coexist, such as a multi-edifice volcano. We have confirmed that both the SI microphone close to the source and the VSA array play essential roles in evaluating the IWC fumarole.
The SI-array CC reveals the contribution of the IWC fumarole, even though the array CC alone fails to identify it due to the poor SN ratio (~ 10–3, as in Table 1). Alternatively, if we use the SI microphone with another single microphone instead of the VSA array, we have only the single pair of the SI-array CC. Then, one might doubt that the weak correlation peak as small as 0.01 is a signal. The SI-array CCs allow us not only to confirm the signal but also to resolve the source regions. Also, this study points out a fundamental problem with two-station CCs: they may exhibit a false signal due to the correlation response of ambient noise.


Summary
Identifying each source’s contribution is a challenging but demanded task in monitoring multiple infrasound sources. We undertook this task by combining a three-microphone VSA array with a single microphone at Kirishima Iwo-Yama, where two active fumaroles (ISC and IWC) emanated persistent infrasonic signals. Two kinds of microphones (a condenser microphone and a newly developed power-saving MEMS microphone) were used to confirm the microphone performance enough to be used in a VSA array. The VSA array at 150 m away from the ISC fumarole and 300 m from the IWC fumarole estimated the significant contribution of the ISC that was more powerful than the IWC. All methods, including the lag-time analysis, MUSIC algorithm, and CLEAN beamforming, identified signals from the ISC, but none resolved the IWC fumarole. However, combining the VSA array with the SI microphone installed near the IWC fumarole successfully distinguished the two sources. Then, we estimated the individual source amplitudes and spectra with some approximations (monopole sources and homogeneous propagation). We also pointed out that the two-station cross-correlation analysis could exhibit false sources due to ambient noise and demonstrated that the VSA array could solve the problem. The microphones, array deployment, and analysis methods presented in this paper will be useful for resolving weak multiple infrasonic sources and monitoring the fumarolic activity of volcanoes.
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