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Fitting Jet Noise Similarity Spectra to Volcano Infrasound
Data
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!Alaska Volcano Observatory, Geophysical Institute, University of Alaska Fairbanks, Fairbanks, AK, USA, ?Department
of Earth Science and Earth Research Institute, University of California, Santa Barbara, CA, USA, *U.S. Geological
Survey, Alaska Volcano Observatory, Anchorage, AK, USA, “Instituto Geofisico, Escuela Politécnica Nacional, Quito,
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Abstract Infrasound (low-frequency acoustic waves) has proven useful to detect and characterize
subaerial volcanic activity, but understanding the infrasonic source during sustained eruptions is still

an area of active research. Preliminary comparison between acoustic eruption spectra and the jet noise
similarity spectra suggests that volcanoes can produce an infrasonic form of jet noise from turbulence. The
jet noise similarity spectra, empirically derived from audible laboratory jets, consist of two noise sources:
large-scale turbulence (LST) and fine-scale turbulence (FST). We fit the similarity spectra quantitatively
to eruptions of Mount St. Helens in 2005, Tungurahua in 2006, and Kilauea in 2018 using nonlinear least
squares fitting. By fitting over a wide infrasonic frequency band (0.05-10 Hz) and restricting the peak
frequency above 0.15 Hz, we observe a better fit during times of eruption versus non-eruptive background
noise. Fitting smaller overlapping frequency bands highlights changes in the fit of LST and FST spectra,
which aligns with observed changes in eruption dynamics. Our results indicate that future quantitative
spectral fitting of eruption data will help identify changes in eruption source parameters such as velocity,
jet diameter, and ash content which are critical for effective hazard monitoring and response.

Plain Language Summary Detecting and quantifying the amount of ash and other material
that erupted is important for effective hazard mitigation. One method to observe eruptions is to record
low-frequency sound that is produced during the eruption, called volcano infrasound. However, the
source of volcano infrasound produced by energetic eruptions is complex. Tam et al. (1996, https://doi.
0rg/10.2514/6.1996-1716) showed that small jets in the laboratory generate sounds with two different

but characteristic spectral shapes that are produced by two kinds of turbulence: fine-scale turbulence

and large-scale turbulence. Volcanoes produce large jets with complex eruption flows, and here we
examine the similarity of their spectral shape compared to laboratory jets using a nonlinear spectral fitting
technique. We find that volcanic jets generally produce noise similar to laboratory jets, while times of
background noise have a different spectral shape. We also develop a method that shows which frequency
bands have the most similar shape to laboratory jets, and find that the jet noise frequencies change as the
eruption dynamics evolve. Our results may allow scientists to determine when an eruption is occurring
using the infrasound spectral shape, as well as infer volcanic eruption parameters, such as jet velocity and
ash content.

1. Introduction

The eruption of gas and other material by volcanoes perturbs the surrounding air and generates pressure
waves, including acoustic waves. Due to the large dimensions of volcanoes and volcanic events, the associ-
ated sounds are usually in a low-frequency band below human audibility, called infrasound. The physical
source process generating the infrasonic waves can vary for different eruptions or even within an eruption.
An often used analogy was introduced by Woulff and McGetchin (1976) and describes the volcano acoustic
source mechanism as a combination of the monopole, dipole, and quadrupole components. However, as
pointed out by Matoza et al. (2013), these analogies may be oversimplified for volcanic sources, especially
for eruptions with sustained gas and ash jets and limited sampling of the acoustic wavefield.

The term “jet” has been commonly used to describe rapid and sustained gas release from a volcano (Kieffer
& Sturtevant, 1984; McKee et al., 2017; Wilson, 1976). A jet is usually associated with the rapid projection of
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Figure 1. (a) Sketch of the distribution of large-scale turbulence (LST) and fine-scale turbulence (FST) jet noise
emanating from a volcano, adapted from Figure 2 in Matoza et al. (2013). The blue arrows show the velocity direction
of the erupting gas (blue spirals) and particles (red and brown circles). The black lines and arrows show the pressure
wave fronts and radiation direction of LST and FST waves. (b) Similarity spectra for LST (solid red) and FST (solid blue)
jet noise normalized with C; = 1. The arrows and dotted red curves show how the spectrum can vary in amplitude (up
and down) and peak frequency (left and right) without changing its shape.

a fluid through a nozzle into a steady fluid. When the projected low viscosity fluid is fast and the nozzle is
small the fluid becomes turbulent through instabilities in the fluid motion (Oertel, 2004). A typical measure
of turbulence is the dimensionless Reynolds number Re = uL /v, with u and L being the representative ve-
locity and length scale of the fluid and v the kinematic viscosity. When the Reynolds number increases the
fluid becomes turbulent. Volcanic jet flows (e.g., Figure 1a) have very high Reynolds numbers (e.g., > 10!
[Kieffer & Sturtevant, 1984]) and are therefore turbulent.

Geophysical spectra are often compared to modeled spectra to help understand physical source processes.
For example, turbulence, particle impacts, and resonance may produce spectral shapes identifiable in volca-
no seismic and acoustic data (e.g., Ferrick et al., 1982; Gestrich et al., 2020; Julian, 1994; Watson et al., 2019).
Quantitative spectral comparison can then be used to identify specific features and parameters useful for
understanding eruption dynamics (Watson et al., 2019). Extensive experimental data show that there are
two distinct components of jet mixing noise in a sustained jet that contribute to the sound generation (e.g.,
Tam, 2019, and references therein): large-scale turbulence (LST) and fine-scale turbulence (FST). FST is at-
tributed to fine-scale eddies producing pressure variations and therefore sound. Due to the random and cha-
otic movement of the eddies, the associated spectrum is very broadband (Figure 1b) and the radiation pat-
tern is nearly isotropic. LST is associated with coherent instability waves that radiate Mach waves (e.g., Tam
& Burton, 1984a, 1984b; Tam et al., 1996). These waves form at the outside of the jet stream in a cone-shaped
pattern (Figure 1a) and are thought to be generated along the jet boundary, close to the nozzle exit, and
move like a “wavy wall” at supersonic speeds (Tam, 2019). The LST sound radiation is highly directional,
and the spectrum is narrower than that of FST (Figure 1b). It has been argued that the directionality of the
LST noise may be reduced at volcanoes because of strong diffraction at low frequencies and the increase in
cone angle for high-temperature jets (Matoza et al., 2009). Sustained Mach wave radiation has been visually
interpreted from volcanic eruptions (e.g., Genco et al., 2014; Taddeucci et al., 2014). Some previous studies
(Fee et al., 2010; Matoza et al., 2009) noted that the LST appeared to most closely resemble volcanic infra-
sound data from large eruptions. However, we consider both turbulence models in this work as it has been
shown that FST dominates at certain angles from the jet and these angles can be modified by temperature,
atmospheric conditions, and topography (e.g., Matoza et al., 2013; Tam et al., 1996; Viswanathan, 2009).

The underlying empirical spectra for LST and FST, called jet noise similarity spectra by Tam et al. (1996),
were determined and tested against a large number of audible jet spectra, in fact, the entire jet noise cata-
log at NASA Langley at that time. These spectra have been extensively used to characterize jet noise from
anthropogenic jets (e.g., Harker et al., 2013; Kandula, 2008; Neilsen et al., 2013). Jet flow is considered
self-similar, meaning that the same turbulent features are observed for a range of jet operating parameters.
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The resultant acoustic spectra are also similar in shape and only vary in amplitude and peak frequency,
which is the frequency of the spectrum'’s maximum amplitude. The application of the similarity spectra
to volcanoes, which are many times larger than laboratory jets, indeed shows a similar spectral shape and
lower peak frequency f, (Fee & Matoza, 2013; Fee et al., 2010; Matoza et al., 2009). The comparison of nu-
merical simulations of turbulent eddies to infrasound data is also promising (Cerminara et al., 2016). The
lower peak frequency can be explained considering the Strouhal number, a non-dimensional parameter
used to describe the oscillating flow. The peak Strouhal number Str, = f,D,/U;, connects the peak frequen-
cy with the expanded jet diameter D; and the jet velocity U;. Matoza et al. (2009) noted that the volcanic jet
diameter is about three orders of magnitude larger than laboratory jets and the recorded peak frequency
about three orders of magnitude lower and we assume a similar jet Mach number Ma = U;/c between
volcanoes and experiments of 0.3-1.3 (Genco et al., 2014; Kieffer & Sturtevant, 1984; McKee et al., 2017).
Consequently, roughly similar Strouhal numbers have been observed between volcanic eruptions (0.06-1.8;
McKee et al., 2017) and experiments (0.2-0.6; e.g., Lighthill, 1954).

The spectral fits by Matoza et al. (2009) and Fee et al. (2010) were preliminary and the applicability of these
spectra to volcano acoustic data is still largely qualitative and the effect of volcanic jet complexities on the
spectra is poorly understood. Here, we develop a tool to automatically and quantitatively fit the laborato-
ry-derived empirical jet noise similarity spectra from Tam et al. (1996) to volcano infrasound data and eval-
uate their fit through time and frequency space. A more detailed description of the similarity spectra can
be found in Section 2.1. We find that spectra of eruptive signals have a more similar shape to the similarity
spectra than spectra during times of non-eruptive background noise. The difference in source and spectral
shape between eruption and background noise can be found in Sections 3.4 and 4.2. The fitting of different
frequency bands highlights the changes of the frequency spectrum shape during the eruption in Section 4.1.
Quantitative fitting can help advance future research on connecting the differences and similarities be-
tween the recorded and model spectra to observed dynamics such as particle volume fraction, temperature,
velocity, and vent shape. This will help inform the formulation and application of a physical jet noise source
model for large, sustained, hazardous eruptions. Furthermore, we discuss if a quantitatively good fit is
unique to times of eruption or can also be found in times of background noise.

2. Methods

The goodness of fit between a model and data informs about the validity and applicability of the model.
Here we use the similarity spectra equations, empirically derived by Tam et al. (1996), as the model spectra
for jet noise. We will use the terms similarity spectrum and model (spectrum) synonymously throughout the
rest of this manuscript but we emphasize that a first principles noise model for jet noise is not complete.
Volcano-specific complexities such as particle load, temperature, and vent erosion are not accounted for
in the model spectra as they were derived from gas-only jets. The difference between the similarity spectra
and eruption spectra might provide insight into the influence of those dynamics on the spectrum. The non-
linearity of the equations requires an appropriate least squares method, and we choose the Gauss-Newton
algorithm. The misfit between the spectra is dependent on the choice of frequency bandwidth and optional
restriction of the peak frequency to a certain range.

2.1. Similarity Spectra Equations

Tam et al. (1996) introduced Equations 1 and 2 describing the FST (Sgst) and LST (S.st) noise spectra. The
spectra are designed so that they keep the same shape in any location in the logarithmic frequency and
decibel space as indicated by the arrows and dotted red lines in Figure 1b. The decibel levels for the simi-
larity spectra as well as for the power spectra calculated from the recorded data are referenced to a spectral
level of (20 yPa)?>/Hz. The amplitude is dependent on the numerical factors A and B, the ratio between the
distance to the nozzle r and the expanded jet diameter D;. We redefine these variables to Cpst and Cgst SO
that we only have one numerical value that defines the amplitude of each spectrum. The functions F and G
are each dependent on the peak frequency for LST f, and FST fr (shown in Text S1 in Supporting Informa-
tion S1) and define the characteristic shape of the similarity spectra shown in Figure 1b. This means we can
identify four model parameters Cyist, Crst, f1, fr, With the first two defining the amplitudes of the model
(similarity) spectra and the last two the lateral position in the frequency space. The general description of jet
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noise is the sum of Equations 1 and 2: .S = Sist + Skst- When one of the turbulence types has a negligible
contribution, the final noise spectrum can be described by Equation 1 or 2. In the following, we will focus
on fitting the similarity spectra for LST and FST separately to determine their individual contribution to the

overall spectrum.
se-1(3) (7
Di fL (]-)

——

Cst

wos(5) ()
Dj fF (2)

——

CrsT

2.2. Fitting Method

Due to the nonlinearity of Equations 1and 2, we use a least squares method for nonlinear equations to fit
the similarity spectra to the volcano infrasound data. The Gauss-Newton algorithm is specifically designed
to solve this problem and has been used in many applications (e.g., Foresee & Hagan, 1997; Kanasewich &
Chiu, 1985; Wright & Nocedal, 1999). We use a modified version called the Trust Region Reflective Algo-
rithm. Trust region algorithms have been used in full-waveform inversion (Peng et al., 2017) and reflection
tomography (Delbos et al., 2006) and are generally considered stable and fast. Additionally, this method is
able to consider bounded parameters which allow us to restrict the parameters, for example, the peak fre-
quency values, to a specific range.

We define the misfit function to be minimized as

M =1/nY" (Sap; — di)* 3)
= 1/nl|Sap - d|2 )
=MSD (5)

which is also the mean squared deviation, M .S D, of the difference between the similarity spectrum in deci-
bel, S,, and the data, d. Both similarity spectrum and data are expressed in decibel scale (dB relative to (20
uPa)?/Hz (shortened to dB)) and resampled in logarithmic frequency space because the similarity spectra
were originally empirically derived in these units (Tam et al., 1996). In the following section we present
results for RM .S D = v/ M S D, the root-mean-square deviation, which has the same units as the spectra (dB
relative to (20 yPa)?/Hz).

We consider two broad approaches to fit the similarity spectra to the measured spectra. The first one is to
fit the models to the whole measured eruption spectrum. This is consistent with the common assumption
that the whole spectrum is produced by the sound of turbulence (Tam et al., 1996). The second approach is
geared toward illuminating which parts of the measured spectra are best fitted by the models. This method
requires the use of multiple frequency bands in which we fit the models to the data. Each method has ad-
vantages and disadvantages which we discuss in Section 3.5. As noted above, the shapes of the similarity
spectra are constant in the log-frequency and decibel space. Therefore, we describe the width f,, of fre-
quency bands in which we fit the models to the measured spectra in a logarithmic scale: f™* = fmin . 10/w,
with f™" and f™* being the frequency band bounds. The values of the peak frequencies f; and fr can be
restricted to a separate frequency band with bounds f;"" and f;™*. We define overlapping frequency bands
in which the similarity spectra are fit to the data and calculate corresponding RM .S D values. A detailed
description of the method can be found in Text S3 and Figure S1 in Supporting Information S1. We refer
to the result as a misfit spectrum as shown in Figures 2a-2d. To determine which of the two models, LST
and FST, better fit the data over time and frequency we subtract the LST misfit spectrum from the FST
misfit spectrum and call this a misfit difference spectrogram as shown in Figure 2e. Since this only shows
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Figure 2. Misfit spectrogram example for the MSH eruption. Large-scale turbulence (LST) misfit spectrogram (a) with outlined RM .S D of 2.5 dB in dashed
black lines which is then masked in (b) for all RM S Ds above 2.5 dB. The same is shown for the fine-scale turbulence (FST) model in (c and d). Panel (e) shows
the difference between (c and a) with the same outlines as above and (f) shows the same as (e) but masked if both, LST and FST, show higher RM S Ds than
2.5 dB. The pink-black dashed line marks the start and the orange-black dashed line the end of the eruption.

the differenced RM S D values we mask out times and frequencies that have an RM S D above a certain
threshold as shown in Figures 2b, 2d, and 2f. The process is described more fully in Text S3 in Supporting In-
formation S1. The misfit spectrograms for the eruptions of Tungurahua and Kilauea are shown in Figures
S2and S3 in Supporting Information S1 and the misfit difference spectrograms for all eruptions are also
shown in Figures 3d, 4d, 5d1,and 5d2.

3. Data

To explore the method and fit between similarity spectra and eruption signals, we use infrasound data from
eruptions at three different volcanoes: Mount St. Helens (MSH), USA; Tungurahua, Ecuador; and Kilauea,
USA. Eruptions of the first two volcanoes have been qualitatively compared to jet noise previously (i.e., Fee
& Matoza, 2013; Fee et al., 2010; Matoza et al., 2009). Here, we expand the analysis to include quantitative
comparisons to get a better understanding of the applicability of the similarity spectra. Data from these
volcanoes have a variety of spectral features and eruption characteristics, and the Kilauea data were notable
in that audible reports of jetting were common. All times are reported in UTC.

The data from each eruption was recorded on an array of microphones. An array consists of multiple sen-
sors located in relative proximity, here between 30 and 100 m. Least squares array processing methods
were used to determine the sound back-azimuth and velocity across the arrays (Bishop et al., 2020; Olson
& Szuberla, 2005). We stack the time-shifted signals, called delay-and-sum beamforming, to improve the
signal-to-noise ratio (SNR). We do not perform any further array analysis to ensure our fitting method is
usable for single sensor analysis. We use Welch's method to calculate the power spectrum from the beam-
formed waveform, which takes the average of overlapping data windows that have been Fourier trans-
formed (Welch, 1977). Here we generally compute power spectra for a 10 min segment, using 1 min Hann
windows with 30 s overlap. The MSH eruption is an exception where we use a 5 min segment because the
most energetic part of the eruption is of relatively short duration. To assure that we capture significant
changes in the spectra the power spectrum time segments overlap by 70%. The power spectra are resampled
with logarithmic spacing and a rolling median filter is applied with a window width of f - (10'/% — 1).
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Figure 3. March 2005 Mount St. Helens eruption infrasound and spectral fitting showing the (a) infrasound waveform filtered above 0.01 Hz, (b) spectrogram,
(c) overall RM S D for large-scale turbulence (LST) (red) and fine-scale turbulence (FST) (blue) between 0.05 and 10 Hz and (d) misfit difference spectrogram
plot showing times and frequencies of low RM S D for LST (red) and FST (blue). The pink-black dashed lines show the beginning and the orange-black dashed
lines at the end of the eruption and the solid light blue lines show the timing of the power spectra shown in (f-i). In (e), we show the median power spectrum
for the time of the eruption (solid black) and background noise before (dotted pink) and after (dashed orange) with shaded areas showing the median absolute
deviation for the time periods specified in the legend. The median solutions for the LST (red) and FST (blue) with their respective RM S Ds are shown in the
legend. In (f-i), power spectra for the times marked in light blue in (a-d) and labeled in the top of each plot are shown in black, as well as the overall model
solutions with solid red and blue lines for LST and FST with shown RM S D in (c). The solutions for the smaller frequency bands that were calculated for the
misfit spectrogram in (d) are plotted as semi-transparent lines. In (e-i), the dark gray solid lines show the 0.05 and 10 Hz frequency limits and the dark gray
dashed line 0.15 Hz which is the lower bound of the peak frequency restriction. Panel (c) shows a clear drop in RM S D at the start of the eruption which
indicates that the eruption spectrum is more likely to be produced by jet turbulence than the background noise. The background noise is dominated by the
microbarom peak shown in (e). The initial minutes of the high-velocity gas thrust are very well fit by the similarity spectra.

3.1. Mount St. Helens

During the MSH eruptive period of 2004-2008, an infrasound array was deployed approximately 13.4 km
from the active vent. The array consisted of four MB2000 microbarometers with a flat response between
0.01and 17 Hz. We remove the instrument response from the data. Details about the deployment are de-
scribed in Matoza et al. (2007). The eruption we analyze here occurred on March 9, 2005, and is the most en-
ergetic eruption of that eruptive period. This phreatic eruption lasted 30-50 min with an initial 7 min long
energetic gas thrust phase that quickly decreases in amplitude (Matoza et al., 2009). The following minutes
of signal have a back-azimuth pointing to the volcano but the amplitude is very low and the spectral shape

GESTRICH ET AL. 60of 16
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Figure 4. August 2006 Tungurahua eruption infrasound and spectral fitting. The figure layout is the same as Figure 3. In (c), we see a drop of RM S D at
the start of the eruption and in (d) there is high variability in the frequency bands that are fit best by large-scale turbulence (LST) and others by fine-scale
turbulence (FST) through time. This is due to the high variability in the eruption power spectrum shape as shown in (g-i). The last paroxysmal hour of the
eruption shown in (j) has a different shape than the similarity spectra.

only deviates slightly from background noise for frequencies >0.8 Hz. The waveform and spectrogram of
the analyzed time period are shown in Figures 3a and 3b and power spectra for the labeled times are shown
in Figures 3e-3i.

3.2. Tungurahua

Infrasound arrays deployed in the vicinity of Tungurahua (Garcés et al., 2008) recorded a variety of erup-
tions between 2006 and 2008: sub-Plinian (July 2006), Vulcanian (February 2008), and a Plinian eruption in
August 2006. We use data recorded on the closest array, RIOE, approximately 36.7 km from the active vent,
which consisted of four Chaparral 2.2a microphones with a flat response between 0.1 and 200 Hz sampled at
40 Hz. We remove the instrument response from the data and note that some of the analyzed data are below
the lower —3 dB cutoff. We refer to Fee et al. (2010) for further details on the deployment and the eruption
early warning system they developed.

The Plinian eruption on August 16-17 produced ash reaching heights of 24 km above sea level (ASL) and
lasted ~11 h. The eruption emerges gradually at 19:30 and changes from being ash-poor to lava fountain-
ing with ash-rich jetting to highly energetic explosions and a substantial increase in plume height up to
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Figure 5. June 2018 Kilauea's fissure eight, Ahu'aila‘au, eruption infrasound. The figure layout is the same as in Figure 3 and 4 with some minor changes:
Here, (a.1-d.1) show one day of data during the eruption (June 16/17), with a ~20 min data gap around 00:00, and (a.2-d.2) show one day of data after the
eruption (August 5/6). The black and white dashed line in (a.1-d.1) shows the timing (19:00) of a change in the spectrogram and fitting mentioned in the text
(not eruption start and end as in Figures 3 and 4). In (e), we show the median power spectrum before (solid black) and after (dashed black) the change. In
(a.2)-(d.2), the same time of day (19:00) is marked with a black and white dashed line and the median power spectrum before the marked line is shown in (e)
with a dotted pink line and the median power spectrum after is shown as a dot-dashed orange line. The blue and red lines in the same subplot are the median
solutions for large-scale turbulence (LST) and fine-scale turbulence (FST) for the same times with the linestyle (dotted, dashed, etc.) corresponding to the style
of the shown median power spectra. We can see that the LST similarity spectrum generally fits the data very well during the eruption (black lines), especially on
the flanks. The FST similarity spectrum fits better at the peak of the eruption spectrum. The increase of the spectral power at approximately 0.35 Hz results in a
decrease of RM S D for the FST spectrum. The background noise power spectra (pink and orange) are less well fitted by the LST and FST spectra.

17.5 km between 22:00 (August 16) and 5:30 UTC (August 17). The following paroxysmal phase lasts for one
hour with an ash column reaching up to 24 km height and a 6 km tall lava fountain (Fee et al., 2010; Hall
et al., 2013). The associated waveform and spectrogram are shown in Figures 4a and 4b and power spectra
for certain times in Figures 4e—4k.

3.3. Kilauea 2018

The eruption of fissure 8, Ahu'aila‘au, in Kilauea's lower East Rift Zone (LERZ) in 2018 lasted from May
27 to August 4. The eruption at this fissure was preceded by an inflation signal at Pu'u ‘O’6 and rise of its
lava lake level until the crater floor collapsed on April 30. Increases in seismicity propagated eastward and
coincided with deformation, indicating magma movement that erupted at the first fissure in the LERZ on
May 3 and focused on Ahu'aila‘au on May 27-28 (Neal et al., 2019). The fissure produced a lava fountain
of up to 80 m height and jet-like noises were consistently reported by field teams and the public. The foun-
tain eventually decreased in height but continued to produce a high flux of lava. A 4-element campaign
infrasound array was installed about 500 m NW of the fissure and operated between June 4 and August
17. The deployed Chaparral 60 UHP infrasound sensors have a flat response between 0.03 and 200 Hz at
a 400 Hz sampling rate. Data from this infrasound array has been used to characterize cyclic effusion
between July 14and 21 (Patrick et al., 2019) and associated back-azimuth changes tracking the infrasonic
source between the fountain location and the spillway during surges (Lyons et al., 2021). Here, we analyze
24 h of eruption data from June 16 to 17 and compare it to post-eruptive signal from August 5 to 6 shown
in Figure 5.
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3.4. Eruption Spectrum

The infrasound power spectrum during an eruption has a different shape than during times of background
noise (Figures 3e-5e). Despite the different shapes between the eruption and background noise, the power
generally decreases similarly as a function of frequency (~10log,,(f~27)). This is likely due to the fact that
infrasound background noise is typically composed of turbulence-generated wind (e.g., Hedlin et al., 2012;
Raspet & Webster, 2015). An exception is the microbarom peak, which is an acoustic signal produced by
energetic ocean waves (e.g., Donn & Naini, 1973; Waxler & Gilbert, 2006), and whose appearance and shape
is dependent on the atmospheric conditions for propagation and source (e.g., Bowman & Lees, 2017; Hupe
et al., 2019). The microbarom is typically focused between 0.1 and 0.5 Hz with its peak around 0.2 Hz (Bow-
man et al., 2005), which is a similar frequency band as the eruptions shown in Figures 3e and 4e. The mi-
crobarom shows a more rapid decrease in power after the main peak, whereas the eruption signal is more
broadband. More details on spectral shape comparisons are discussed in Section 4.2. For the eruptions
examined here, the deviation from background noise begins for frequencies above ~0.05 Hz. They gener-
ally consist of a distinct increase in power up to a maximum at 0.2-0.3 Hz, which we call peak frequency
(Figures 3e-5e). This distinctive deviation from background noise up to a peak frequency is one of the main
assumptions we will make when choosing parameters for fitting the similarity spectra to the measured data.
All eruption data examined here have been confirmed to originate from the direction of the volcano using
array processing. They show similarities in their frequency band, peak frequency, and elevated amplitude
above background noise, but differ in actual shape and frequency roll-off. This suggests that the fit with the
similarity spectra will differ too.

3.5. Importance of Frequency Bandwidth

The choice of the frequency bandwidth and restriction of variability in peak frequency depends on the anal-
ysis target and has notable effects on the misfit. In our fitting analysis, we attempt to balance three primary
objectives: (a) fitting the whole spectrum, (b) illuminating which part of the spectrum fits the models, and
(c) distinguishing background noise from eruptions. We discuss the trade-offs in the following sections.

Generally speaking, wider frequency bands assure that the whole similarity spectrum fits the measured
spectrum. This assumes that the acoustic signal is produced by one turbulence source. We choose the fre-
quency band of 0.05-10 Hz to span the whole frequency space of eruption signal. Although this lower
bound is below the —3 dB corner at 0.1 Hz of the RIOE array microphone instrument response, the vast
majority of the analyzed frequency band is still in the flat portion of the instrument response. We assume
that the turbulence spectrum produced by the eruption peaks within this frequency band and deviates from
the background noise by a power increase. This means we can restrict the peak frequencies f; and fr within
a fraction of this frequency band. This restriction avoids low RM S D due to background noise that has a
similar roll-off slope. Here, we use 0.15-10 Hz to restrict the peak frequencies, with 0.15 Hz being just below
the peak frequencies of the measured spectra for the three chosen eruptions and at similar eruptions world-
wide (e.g., Dabrowa et al., 2011; Fee & Matoza, 2013). Fitting the spectrum as described is consistent with
the assumption that the whole eruption spectrum is being produced by turbulence. However, the measured
spectra are variable and do not necessarily fit the model spectra perfectly because of irregularities in the
measured spectrum. This can be observed during all three eruptions shown in Figures 3f-3i, 4f-4k, and 5e.
For example, during the eruption of Kilauea, the power spectrum displayed in Figure 5e shows a good fit
with the LST spectrum on the waxing and waning sides of the power spectrum. However, the peak of the
measured spectrum is flatter than the model spectrum.

In contrast, smaller, overlapping frequency bands provide more resolution on how the fitting varies as a
function of frequency. Volcano acoustic spectra are occasionally composed of multiple sources and can be
altered by atmospheric effects, topography, and potentially other eruption parameters such as temperature
and particle volume fraction. Fitting narrower frequency bands to the eruption spectrum allow us to ana-
lyze which frequencies are best fit by the similarity spectra. However, when the frequency band becomes too
small, we run into the problem that we are not fitting the spectrum'’s overall shape but small scale irregular-
ities. In our analysis, we choose a frequency bandwidth of £, = 1 With finax = fuin - 107». This width is wide
enough to cover 43% of the frequency band that we consider contains eruption signal. Here, we restrict the
peak frequency in the same frequency band as for the other analysis, between 0.15and 10 Hz based on the
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same assumption that we are targeting a turbulence spectrum that peaks in this frequency band. Note that
fitting a smaller frequency band often leads to a lower RM S D. Therefore we compare the RM .S D values
only to values derived by the same method or in a relative context, such as when a value decreases or rises
in both methods.

4. Results and Discussion

In this section, we investigate how well the similarity spectra fit the various eruptions. We examine the
general fit during the eruption and compare the fit between LST or FST and the eruptions, as well as the
difference between eruption and background noise. Furthermore, we connect phases in eruption dynamics
with changes in the misfit difference spectrogram.

In the following sections, we will refer to Figures 3-5 which show the results for the Mount St. Helens,
Tungurahua, and Kilauea eruptions, respectively. They are divided into multiple subfigures showing (a)
the beamformed infrasound waveform, (b) the spectrogram, (c) the overall RM .S D value for the frequency
band of 0.05-10 Hz, and (d) the misfit difference spectrogram. The median power spectra for eruption and
background noise, as well as the median model solution for the respective times, are shown in (e). The last
subfigures starting with (f) show the power spectra of the times that are indicated with light blue vertical
lines in subfigures (a—d). The solid red and blue lines show the solutions for the large (0.05-10 Hz) frequen-
cy band and the thinner lighter lines show the solutions for the narrow overlapping frequency bands used
for the misfit spectrogram.

4.1. Model Fit During Eruptions

Here, we investigate how changes in the measured spectrum reflect in the fitting and RM .S D of the model
spectra, focusing now on the times during the active eruptions between the pinkblack and orange-black
dashed lines in subfigures (a-d) in Figures 3 and 4 for the MSH and Tungurahua and all of subfigures
(a.1-d.1) of the Kilauea eruption in Figure 5.

4.1.1. Mount St. Helens

Starting with the MSH eruption we observe a high amplitude broadband spectrum in the first minutes of
the eruption, which was inferred to be a high-velocity gas-thrust phase (Matoza et al., 2007). The spectrum
peaks at ~0.2 Hz and has a second smaller peak at ~0.45 Hz (Figure 3g). After this initial signal, the am-
plitude decreases and the spectrum only slightly differs from the background noise spectrum (Figure 3h
compared Figure 3i) with a low SNR.

During the initial eruption signal, the fitting of both LST and FST similarity spectra show very low RM .S Ds
of around 2.5 dB in the fitting of the 0.05-10 Hz frequency band (Figure 3c). As the eruption progresses the
RM S D fluctuates slightly but generally stays low (<5 dB). However, this does not tell us what is changing
in the measured spectrum that leads to the fluctuations. Here, the misfit difference spectrogram becomes
useful. In the beginning of the eruption, we observe low RM S Ds for both LST and FST over the whole
frequency range of < 2.5 dB. They both only differ marginally with FST having a slightly lower RM S D for
frequencies below 0.3 Hz and higher RM S D above 0.3 Hz. Comparing this observation to the 01:31 power
spectrum shown in Figure 3g, we observe multiple local minima and maxima between 0.05and 0.3 Hz. This
leads to no notable increase or decrease in overall amplitude, which is well fitted by the very broad peak of
the FST similarity spectrum. Above 0.3 Hz, the power fall-off has the same slope as the LST model. After
the initial gas thrust phase, ~15 min into the eruption, the misfit difference spectrogram shows relatively
high RM .S D of above 2.5 dB for frequencies below 0.3 Hz for both similarity spectra (gray color in Figure 2
and in Figure 3d). As previously noted, the spectrum at this point in the eruption deviates only a little from
the background with slightly elevated power above 0.3 Hz and a power decrease that is very similar to the
LST spectrum (Figure 3h). This suggests the acoustic power produced by the eruption has decreased and
is masked by the microbarom at lower frequencies but still dominates for higher frequencies. During that
time the eruption was described as ongoing but less intense (Matoza et al., 2007). The median RM S D for
the time of the gas thrust phase is lower for the LST model than the FST model for the chosen frequency
band of 0.05-10 Hz (Figure 3e), which is consistent with the qualitative assessment by Matoza et al. (2009).
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Figures S4 and S5 in Supporting Information S1 compare the RM S D fitting using each sensor of the array
separately. Similar results are obtained for each sensor, demonstrating the applicability of the method to
single sensor analysis.

4.1.2. Tungurahua

The eruption of Tungurahua in August 2006 is the most complex eruption we analyze and shows the great-
est variability in the misfit plots (Figure 4). The eruption begins with a gradual emergence of a broadband
signal with slightly elevated power above 0.15 Hz and a local minimum (or “notch”) at 0.5 Hz (Matoza
et al., 2009), with a difference of ~11 dB to the peak (Figures 4b and 4g). The amplitudes above 0.15 Hz
increase and the location of the “notch” moves to higher frequencies (~1 Hz). After 01:00, the amplitude
increases substantially by ca 8 dB and the “notch” becomes wider, more pronounced, and shifts to ~0.7 Hz.
The spectrum is now deviating from background above ~0.05 Hz. The last hour of the eruption, the par-
oxysmal phase, has a very different spectrum with elevated power throughout the whole frequency space
with no specific peak but rather a constant decrease in power for increasing frequencies (Fee et al., 2010;
Matoza et al., 2009). The highest amplitudes during this period are observed well below the flat response
cutoff <0.1 Hz. During the eruption (19:30-06:20), the overall RM S D between 0.05and 10 Hz is <5 dB and
generally shows slight fluctuations except for a substantial increase during the last hour of the eruption
(Figure 4c). However, looking at the misfit difference spectrogram plot in Figure 4d we see much more
variability and can roughly divide the eruption into four parts. Note that the four parts described here are
picked based on the acoustic signal and are slightly different from the phases picked in Hall et al. (2013)
that follow more closely seismic observations. Between 19:30and 22:00, the RM S D for both LST and
FST is above 2.5 dB for frequencies below 0.3 Hz (Figure 4d and Figure S2 in Supporting Information S1)
and lower RM S Ds for higher frequencies. The power spectrum at 21:15 in Figure 4g shows an increase
in power above 0.2 Hz compared to the background noise spectrum before (Figure 4f) and fits the FST
well. During this time, steam-rich and ash-poor emissions were described that became more ash-rich after
20:15UTC (Fee et al., 2010; Hall et al., 2013). The next period between 22:00 and 01:00 shows consistently
lower RM S Ds for the FST model (<1.5 dB) than the LST model (>2 dB) for frequencies below 0.8 Hz (Fig-
ure 4d). The power spectrum at 22:24 (Figure 4h) shows very good agreement with the FST spectrum for
almost the entire frequency band. This period was also described as highly energetic strombolian with an
accompanying 100-200 m high lava fountain and small pyroclastic density currents (PDCs) (Fee et al., 2010;
Hall et al., 2013). The third phase between 01:00and 05:20 shows a substantial change in the misfit differ-
ence spectrogram plot with high RM .S Ds above 2.5 dB for both similarity spectra around 0.8 Hz which is
visible as a gray band in Figure 4d. This is the signature of the developing “notch” in the spectrum shown in
the 03:09 time slice that is bound by two local maxima with steep flanks and small peak area which leads to
a better fit of the LST spectrum. The accompanying eruptive activity started with an observed lava fountain
800 m above the crater rim (Hall et al., 2013) and a sudden increase in plume height (Steftke et al., 2010).
The lava fountain grew reaching 1.5 km throughout this phase in addition to numerous PDCs and an ash
plume increasing in width, length, and height up to 17.5 km (Fee et al., 2010; Hall et al., 2013). It was also
described in Hall et al. (2013) as highly energetic strombolian activity. The last hour of the eruption, referred
to as the paroxysmal phase in Fee et al. (2010), has a very different shape than the eruption before and
resembles the background noise spectra before and after the eruption with a strictly negative slope, with
the difference that the eruption signal has much higher amplitude (Figure 4j). The fitting of the similarity
spectra during this time shows very high RM S Ds of 5-10 dB in Figure 4c and >2.5 dB in Figure 4d. The
peak frequency is likely well below what is resolvable by the deployed instruments (Fee et al., 2010). During
this time a lava fountain of 6 km height and an ash plume up to 24 km were observed with many PDCs and
substantial ash fall (Fee et al., 2010; Hall et al., 2013). The median power spectrum for the hours before the
paroxysmal phase (Figure 4e), generally shows a better fit with the FST than the LST. This is different from
the analysis presented in Matoza et al. (2009) which states that the LST matches the measured spectrum
better while mentioning that the “notch” and the roll-off for higher frequency does not fit the LST very well.
In our analysis, the “notch” and associated two local maxima lead to a generally flat peak and the roll-off is
best fit by the FST (Figure 4e). Matoza et al. (2009) speculated that the jet's turbulence noise and its inter-
action with the crater walls, could produce separate peaks and the “notch” may be the space between them,
whereas Fee et al. (2010) attributes one of the peaks to PDCs observed in infrared camera imagery.
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4.1.3. Kilauea

The eruption of Kilauea's fissure 8, Ahu'aila‘au, produced very stable infrasonic spectra until mid-July that
resembles jet noise, suggesting a very consistent jet-like source mechanism throughout the eruption. Fig-
ures 5al-5d1 and 5e show one day of acoustic data from the Kilauea eruption on June 16, 2018, with a
~20 min data gap around 00:00. Diurnal winds contribute to a general increase in amplitudes at very low
frequencies (<0.1 Hz) peaking between 21:00and 00:00 (Fee & Garcés, 2007) and shown in Figures 5a2—
5b2. However, the eruption signal dominates for frequencies above 0.1 Hz where no diurnal variations
are observed. Even though the eruption spectra are very stable we note some slight changes, such as the
increase in power at 0.35 Hz after 19:00 (Figures 5b1 and 5e). The RM .S D throughout the 24 h in Figure 5c1
is <3 dB, and even lower for other portions of the eruption. We consider this misfit very low, even compared
to the eruptions of MSH and Tungurahua that have RM S Ds <5 dB. We note a change in the overall RM .S D
after the amplitude increases around 0.35 Hz at approximately 19:00 for the fitting in the 0.05-10 Hz band
(Figure 5c1). Before 19:00, we observe a lower RM S D for the LST model <2 dB compared to the FST model
withan RMSD >2.5dB,which then changes to a more similar RM S D value of the two models of around
2.5 dB. We see a striped pattern in the misfit difference spectrogram (Figure 5d1) throughout the whole
24 h, indicating a lower RM S D for the LST model at <0.3 Hz, then a band of low RM S D for the FST model
between 0.3and1 Hz and then again lower RM .S D for the LST model just above 1 Hz. Although this is
true for the whole day the intensity changes and the red band just above 1 Hz gets lighter, which indicates
that LST and FST models have a more similar RM S D at that frequency. In Figure 5e, we show the median
power spectrum before 19:00 with a solid black line and after with a dashed black line. The flanks and width
of the LST similarity spectra have a very similar slope to the measured power spectrum which explains the
low RM S Ds below 0.3 Hz and above 1 Hz. Between these frequencies, the measured spectrum is much
flatter than the LST similarity spectrum and is better fit by the broad FST similarity spectrum. We can see
a clear change in the measured power spectrum with an increase in power around 0.35 Hz and a decrease
at ca, 1 Hz after 19:00. This leads to a generally flatter peak region which is even more similar to the FST
model and an overall decrease in RM S D for the FST model (Figures 5c1-5e). Generally, the LST shows a
lower RM S D value than the FST (Figure 5e). Fully connecting the spectral changes to the physical source
or eruption dynamics at Kilauea are beyond the scope of this manuscript and a topic of future research.
The generally better fit of the LST and FST spectra to the Kilauea eruption spectrum in comparison to
Tungurahua and MSH could also be related to the much shorter distance between the source of the jetting
and the microphones. The influence of distance and connected influences like atmospheric conditions and
topography on the jet noise spectrum are not discussed in this study.

To summarize, during times of eruption the measured spectrum can vary widely, therefore producing con-
siderable changes in the fit between the data and similarity spectra. Fitting within one large frequency
band provides a general overview on the fitting and the fluctuations in RM .S D, but does not show which
frequencies the model spectra are fitting better or worse with time. The misfit difference spectrogram pro-
vides resolution in both frequency and time. Generally, all three eruptions show good fits with the similarity
spectra. However, the time, frequency band, and averaging method have an influence on the RM .S D value.

4.2. Eruption Versus Background Noise

The distinction between times of eruption versus background noise by the fitting of the similarity spectra
highly depends on the shape of both the background noise and eruption spectrum. The more dissimilar
the eruption spectrum is from the turbulence similarity spectra the more difficult it is to tell them apart
by simply looking at the misfit spectrograms and differences. Below we discuss a few examples where the
similarity spectra fitting identifies eruption signals well, and one example where the results are ambiguous.

The MSH eruption shows the most obvious change in the RM .S D between times of background noise
and times of eruption in Figures 3c and 3d, which was also was noted in Matoza et al. (2009). The RM .S D
during the eruption is below 5 dB while during background noise is above 8 dB. Figures 3e-3i show that
during times of background noise there is a clear microbarom peak that has a very different shape in both
peak region and fall-off slope than the similarity spectra. However, during the eruption, especially the first
minutes of jetting, the power spectrum's shape is very similar to the models, especially LST around the peak
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region. This is a good example of how a very poor fit during times of background noise and a very good fit
during the eruption results in a large difference in the RM S D.

The difference between times of background noise and eruption is harder to identify for the August 2006
Tungurahua eruption. At the beginning of the eruption at 19:30, the RM .S D decrease is very apparent in
Figure 4c, dropping from >5 dB to <5 dB. Before the eruption start at 19:30 the misfit difference spectro-
gram in Figure 4d shows that there is high RM .S D above 2.5 dB for frequencies below 0.3 Hz. This is a re-
flection of the measured background noise spectrum having a negative slope between 0.05 and 0.15 Hz and
the model spectra a positive slope with the peak frequency being >0.15 Hz. For frequencies above 0.15 Hz,
the RM S D is below 2.5 dB, which is due to the similar slope angle between the model and the measured
power spectrum (Figure 4f). The last hour of the eruption (05:20-06:20) has a very different spectral shape
with a strictly negative slope and high amplitudes down to very low frequencies (Figure 4j) as opposed to
the spectral shape in the hours before that was defined by an increase in amplitude that deviates from the
background noise and peaks around 0.2 Hz. This change in the last hour was noted (e.g., Fee et al., 2010;
Matoza et al., 2009) and is also reflected by a high RM S D for that time (Figures 4c and 4d). There was no
substantial increase in RM .S D between the last hour of eruptive activity and the post-eruptive noise. Small-
er explosions were reported after the main event that might contribute to persistent low energy jet noise
that is still reflected in relatively low RM S D values. However, looking at the whole eruptive sequence the
RM S D before and after the eruption is generally higher than during the eruption, especially for the FST
model.

As previously discussed in Section 4.1 the fitting between the similarity spectra and the eruption spec-
trum during the Ahu'aila‘au eruption of Kilauea volcano is very good. We now compare this to one day
of non-eruptive background noise on August 5, 2018, as shown in Figures 5a2-5e. The fitting between
0.05and 10 Hz in Figure 5c2 shows much higher RM S D values of >8 dB compared to during the eruption
when they are roughly 2-3 dB (Figure 5c1). The misfit difference spectrogram (Figure 5d2) shows high
RM S Ds below 1 Hz which is, similar to the Tungurahua example, connected to the negative slope of the
spectrum and the positive slope of the similarity spectra below 0.15 Hz. At ~2 Hz, we observe an increase in
amplitude which has a better fit to the LST spectrum in the beginning of the misfit difference spectrogram
and decreases in amplitude throughout that day. This leads to a better fit with the FST spectrum. Overall
the power spectrum during the Ahu'aila‘au eruption is much better fit by the LST and FST similarity spectra
than during non-eruptive background noise, which is consistent with the observations during the MSH and
Tungurahua eruptions described above, and further suggests Ahu'aila‘au emitted jet noise.

5. Conclusion

Evaluating the fit of a model spectrum to a measured spectrum is key in assessing the model's validity and
determining source parameters. Here, we developed a tool to quantitatively fit the empirical jet noise sim-
ilarity spectra, originally developed for audible laboratory jets by Tam et al. (1996), to volcano infrasound
data. The tool uses a nonlinear fitting algorithm to fit data in a given frequency band with a restricted
peak frequency range and calculates the RM .S D between the data and model spectra. We apply this tool
to volcano acoustic data from notable eruptions at three volcanoes that produced volcanic jet noise. The
bandwidth is an important parameter to consider when fitting the model spectra. A wide frequency band
allows fitting of a large portion of the spectrum, which is consistent with the assumption that the entire
eruption spectrum is produced by turbulence. Here, we identify 0.05-10 Hz as the frequency band contain-
ing the eruption signal, and note other bands may be relevant for other volcanoes and eruptions. We also
restrict the peak frequency to be above 0.15 Hz, which assumes that the power of the turbulence spectrum
is highest above that frequency. This cutoff distinguishes eruption signal from background noise that often
has a similar slope, likely due to turbulence as a common source (Raspet & Webster, 2015). The selection
of the frequency bandwidth and minimum peak frequency could be determined based on extended array
processing methods that distinguish background noise from eruption signals in the future.

Overall the LST and FST model spectra fit the measured eruption spectrum very well for our examples,
supporting the hypothesis that these eruptions produced a form of volcanic jet noise. Pre- and post-erup-
tive noise generally shows higher RM S Ds than during the eruption across a large frequency band and
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variations in the measured spectrum during an ongoing eruption are reflected in slight fluctuations of the
RM S D. The observation of a change in the fit for certain frequencies is an important factor when deter-
mining the source of the sound and how eruption dynamics are reflected. We observe that the change in the
misfit difference spectrogram during the eruptions coincides with a change in eruption dynamics.

Our findings encourage future quantitative investigations on the connection between eruption flow fea-
tures, such as velocity, particle volume fraction, temperature of the erupting material (Matoza et al., 2013;
McKee et al., 2017; Viswanathan, 2009), and erosion of the vent with volcano acoustic spectra. Laboratory
experiments with controlled, particle-rich jets (e.g., Cigala et al., 2017) surrounded with microphones and
cameras (Fernandez et al., 2020) will inform how flow parameters affect the acoustic spectra. Additional
consideration of numerical analysis as in Cerminara et al. (2016) and Taddeucci et al. (2014) will further
refine the same mechanisms. The developed technique to fit a model spectra to data and quantitatively eval-
uate their fit has the potential to be used in other areas of research as well, for example, infrasonic conduit
resonance or seismic tremor.

Data Availability Statement

The spectral fitting code can be found on github: https://github.com/jegestrich/simil_func including a
script called example.py for a demonstration of the algorithm. The infrasound data recorded during the
eruption of Kilauea's fissure 8, Ahu'aila‘au, is publicly available at the IRIS DMC with network code 5L
and station name FIS8 (at http://ds.iris.edu/mda/5L/), and data collection was facilitated by members of
the U.S. Geological Survey's Hawaiian Volcano Observatory. The data from the MSH eruption are available
through NRCan/CHIS autodrm tools (https://earthquakescanada.nrcan.ge.ca/stndon/AutoDRM/index-en.
php) using the DC network code and station names MSH21, MSH22, MSH23, and MSH24. The Instituto
Geofisico in Ecuador was immensely helpful in data collection, eruption observations, and engineering sup-
port at Tungurahua, and the data are available through NRCan/CHIS autodrm tools (https://earthquakes-
canada.nrcan.gc.ca/stndon/AutoDRM/index-en.php) using the DC network code and station name RIOE.
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