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ABSTRACT

The utility of infrasound technology for detecting explosive eruptions is well established. However, many active
volcanoes are currently monitored exclusively with seismic networks and lack infrasonic sensor networks. Here,
we demonstrate the ability of template matching to automatically detect ground-coupled airwave signatures
(infrasound signals recorded on seismometers), associated with mild to large explosive eruptions in continuous
broadband displacement waveforms from Popocatépetl volcano, Mexico. As templates, we use five verified high-
amplitude ground-coupled airwave signals that were recorded in November 2017 by both a temporary broad-
band infrasound array co-located with a broadband seismometer at station ATLI (15.8 km range) and a perma-
nent broadband seismic monitoring station PPIG (4.9 km range). We systematically apply the template
matching procedure to two years of continuous seismic records from PPIG station (2017-2018), to identify
ground-coupled airwaves in a time span exceeding the operation time of the temporary infrasound array at
ATLI. We identify 43 ground-coupled airwaves that occurred during the period of study and with absolute corre-
lation coefficients of 0.5 <|R| < 0.8 (using templates of 100 s length). These events are in the catalog of Popocaté-
petl seismic activity reported by the Centro Nacional de Prevencién de Desastres (CENAPRED). The results
obtained with template matching using a small number of starting templates points to a ground-coupled airwave
signature dominated by a repetitive and fairly stable seismo-acoustic explosion signature during the two-year
time frame considered. Future work with an expanded number of templates should improve the results.

© 2021 Published by Elsevier B.V.

1. Introduction

Popocatépetl (5452 m.a.s.l.) and Volcan de Fuego, Colima are the
most active volcanoes in Mexico. Following Popocatépetl reawakening

Volcanic infrasound captures shallow and subaerial volcanic pro-
cesses and complements seismic observations, which primarily reflect
subsurface volcanic processes (McNutt, 2000; Chouet, 2003; Fee and
Matoza, 2013; Chouet and Matoza, 2013; Matoza et al., 2019b). Al-
though the majority of active volcanoes lack infrasound or acoustic
monitoring networks, ground-coupled airwaves have been observed
in seismic data from many volcanoes around the world (e.g., Braun
and Ripepe, 1993; Ripepe et al., 2001; Ruiz et al., 2006; Johnson and
Malone, 2007; De Angelis et al., 2012; Matoza and Fee, 2014; Fee
et al, 2016; Smith et al., 2016; Matoza et al.,, 2018; Haney et al., 2020;
lezzi et al., 2020).

* Corresponding authors.
E-mail addresses: gmendoperez@ciencias.unam.mx, gmendoperez@gmail.com
(G. Mendo-Pérez), rmatoza@ucsb.edu (R.S. Matoza).

https://doi.org/10.1016/j.jvolgeores.2021.107378
0377-0273/© 2021 Published by Elsevier B.V.

in 1994 after 70 years of dormancy (De la Cruz-Reyna and Siebe,
1997), its activity has been characterized by recurring gas and ash emis-
sions, and explosive activity. In spite of its location (60 km from Mexico
City) and eruptive activity, few investigations have been carried out of
the seismo-acoustic wave fields radiated by activity at Popocatépetl.
Using seismic data, Zobin et al. (2009) described Popocatépetl explo-
sions in terms of their energy and time delay between a pre-eruptive
phase and emissions of ash and pyroclastic materials, documented in
videos. Arambula-Mendoza et al. (2013) observed infrasound signals
in the 1-5 Hz band, at distances of 4.8 and 8.4 km from the summit
vent and also quantified the ratios of acoustic to seismic energies. Re-
cently, Matoza et al. (2019a) characterized the acoustic wave field radi-
ated by Popocatépetl explosions using a high-broadband and high
dynamic range (0.01-100 Hz; 4500 Pa) infrasound array co-located
with a compact broadband seismometer sensor at station ATLI,
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Fig. 1. Flow chart of the Automatic Template Matching Code (ATMC) that detects ground-
coupled airwaves. X(t) represents the seismogram to be analyzed in the search for
airwaves that match a template T. |R| is the threshold value of the absolute normalized
correlation coefficient, s is the overlapping factor, in samples, between x; and T, n, is the
number of samples of T, n, is the number of samples of X(t) and M is the total number of
windows x; in which X(t) is divided.
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identifying high-amplitude ground-coupled airwave signatures in Po-
pocatépetl broadband seismograms.

Here we assess the feasibility of detecting infrasound explosion sig-
natures by template matching with seismic data only, using two full
years of data (2017 and 2018) from the permanent Popocatépetl seis-
mic station, PPIG. For this purpose, we developed an Automatic Tem-
plate Matching Code (hereafter named ATMC) to systematically detect
ground-coupled airwaves in broadband seismograms. As templates,
we used displacement waveforms recorded at PPIG associated with ver-
ified ground-coupled airwaves identified at ATLI during an overlapping
data period of these stations in November 2017.

2. Template matching

Cross-correlation and template matching are widely utilized in seis-
mic data processing to evaluate the similarity between waveforms and
events of interest (Stephens and Chouet, 2001; Gibbons and Ringdal,
2006; Shelly et al., 2007; Brown et al., 2008; Shelly and Hill, 2011;
Matoza et al., 2015; Skoumal et al., 2015; Lengliné et al., 2016). Tem-
plate matching utilizes the correlation coefficient between a master/
template signal and equal-length records extracted from seismograms
of interest. Following Gubbins (2004) and Gibbons and Ringdal
(2006), the cross-correlation between two discrete time signals is
given by:

Sxr = ;g'o(xi-r) (1)

where Sxris the cross-correlation function, Tis the template, x; is the i-th
time window extracted from the seismic record X(t), and n, is the
number of samples. The number of samples in both T and x; must be
equal.

Using Eq. (1), the normalized correlation coefficient, R, is given by:

R X 2)
SxxSTT

where Sxy is the autocorrelation of X(t), Syris the autocorrelation of T,
and Sxr is the cross-correlation of x; and T obtained using Eq. (1). The
degree of similarity between x; and T is evaluated in the range of
the correlation coefficient —1 <R < 1. The closer Risto +1 or —1, the
higher the degree of similarity between x; and T. Values of R close to
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Fig. 2. Popocatépetl topography map and the locations of PPIG seismic station (white triangle), operated by the Servicio Sismol4gico Nacional, UNAM, the temporary infrasound array ATLI
(red triangle) (September 2017-June 2018), and the meteorological station Altzomoni (red solid circle) operated by the Red Universitaria de Observatorios Atmosféricos (RUOA, https://
www.ruoa.unam.mx). ATLI geometry is showed in the upper right corner. Contour lines are every 50 m. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 3. Templates traces retrieved from PPIG seismograms. Normalized vertical component of velocity a) and displacement b). Name, date and UTC time of each template are indicated at
the right. Time in x-axis are with respect to the origin time of the events. For amplitude comparison, displacement templates are overlapped in c). Traces and names are distinguished by
colors. d) Seismic and air phase signals are displayed after band-pass filtering in 0.01-0.5 Hz. The arrows indicate the onset of the seismic and the air phases. All traces were corrected for
instrument response. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

zero indicate a lack of similarity between x; and T Negative values of
R imply inverse correlation.

The ATMC calculates R by systematically applying template
matching using the logic in the flow chart shown in Fig. 1. The ATMC
counts a detection using a threshold value representing the minimum
correlation coefficient imposed by the analyst. All data are first
deconvolved for instrument response. The input data are the threshold
value, the continuous displacement records X(t), the template T and an
overlapping shift factor s between x; windows. Each seismogram X(t) is
divided into M time windows, with each x; sharing the same sampling
rate and number of samples as the template T, i.e.,

s

M=2=
nt(nr

—ng) +1 (3)

where n, the number of samples in X(t), n; denotes the number of
samples in the template, and s = 1, 2,3, ... is the shift factor.

The ATMC generates a matrix Ay representing M windows by N
samples, and calculates the absolute correlation coefficient |R| for each
window (Eq. (2)). To distinguish between detections and noise, ATMC
uses a peak finding routine to detect amplitude changes with respect
to a threshold (Duarte and Watanabe, 2018), and |R| values below the
specified threshold are rejected.

3. Templates and PPIG data

Popocatépetl volcano is monitored by the Centro Nacional de
Prevencién de Desastres (CENAPRED) and the Servicio Sismolégico
Nacional (SSN) of the Instituto de Geofisica, Universidad Nacional
Auténoma de México (UNAM). PPIG is one of the SSN stations used
for regional seismicity and volcano surveillance and is equipped with
a Streckeisen STS-2 seismometer and a 24-bit Quanterra Q330S+
digitizer. PPIG is located at 4000 m.a.s.l. (19.066° N, —98.628° W),
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4.9 km N of the summit vent (Fig. 2). We retrieved both ground-coupled
airwaves and seismic signals from PPIG continuous vertical displace-
ment records (at 100 samples per second (sps)) from 2017 to 2018
(SSN, 2017).

The templates used to detect ground-coupled airwaves at PPIG were
identified using recorded displacement waveforms at PPIG associated
with infrasound airwaves of explosions recorded by the ATLI array in
November 2017 (Fig. 2). The ATLI ground-coupled airwaves were used
to identify and compare PPIG templates but not to run the ATMC. ATLI
featured four high-broadband acoustic sensors (Hyperion IFS-3111)
and one broadband seismic sensor (120-s Trillium Compact Posthole).
All sensors have flat response ~0.01-100 Hz and were separated ap-
proximately 50 m in a triangle-shaped array with the seismic sensor
at the center of the array (Fig. 2). ATLI was deployed 15.8 km ESE of Po-
pocatépetl summit during a temporary seismo-acoustic experiment
(Matoza et al,, 2019a).

Using the date and time of the ground-coupled airwaves identified
at the ATLI broadband seismometer, we retrieved the corresponding
displacement signals from the PPIG seismograms and selected five
events associated with mild explosions (Figs. 3 and 4). Fig. 3a and b
show the velocity and displacement records, respectively, of the five
templates recorded at PPIG. These events named TP1 to TP5 (for PPIG
templates), contain the ground-coupled airwaves depicted in Fig. 3c,
which are normalized displacement waveforms superimposed for com-
parison. To emphasize the seismic and air phases in these templates, we
applied a band-pass filter (0.01-0.5 Hz) and overlapped 30 s long win-
dows (Fig. 3d). In addition, to compare air phases recorded at PPIG and
ATLI we extracted and normalized, from infrasound records and
seismograms at ATLI (named TA1 to TA5) and displacement waveforms
at PPIG, the phases associated with the ground-coupled airwaves and
superimposed them in Fig. 4, after filtering in the 0.01-0.5 Hz band.
The filtering is just for comparison, input data to run ATMC were not fil-
tered. Note that the events recorded at PPIG contain similar waveforms
to those recorded at the ATLI seismic receiver (Fig. 4).

We calculate the correlation coefficient |[R| between these signals
(e.g., TA1vs TP1, TA2 vs TP2, and so on) to have a reference of similarity.
All |R| are above or equal to 0.74, with the exception of TA4 vs TP4,
where |R| = 0.59. The maximum amplitude displacements of TP1, TP2
and TP3 airwaves have peak-to-trough values of 18.34 um, 30.04 pm,
and 48.8 um, respectively. These values are at least twice the maximum
peak-to-trough amplitudes at ATLI, where TA1, TA2 and TA3 show dis-
placements of 8.05 um, 11.87 pum, and 7.8 um, respectively. These differ-
ences are in agreement with wave propagation considering the
distances from the Popocatépetl vent to PPIG and ATLI (Fig. 2).

We can confirm these amplitudes through a comparison of the in-
tensity values between PPIG and ATLI events in terms of their energy
density as:

d
U, g /O (o) 2dt )

where v(t) is the velocity record in m/s, d is the event duration in seconds
(100 s), and p is the mass density of the medium in kg/m>. As the seis-
mometers at PPIG and ATLI are deployed on comparable composition
soils, taking into account the range of density of Popocatépetl deposits

Fig. 4. Comparison of displacement waveforms retrieved from PPIG (black lines) and ATLI
(red lines) seismograms associated with the air phases recorded by the infrasound sensor
ATLI-4 (blue lines). These traces are normalized and band-pass filtered (0.01-0.5 Hz); the
name of the template and the absolute normalized cross-correlation coefficient value |R|
obtained between PPIG and ATLI are indicated in each plot. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Table 1

Name of each template for PPIG and ATLI. Date (yyyy-mm-dd) and time, with respect to
PPIG, of the explosive events used as templates. Energy density per event and site calcu-
lated using Eq. (4) and a template window length (event duration) of 100 s. The normal-
ized correlation coefficient values |R| obtained between PPIG templates (for details see
Section 4).

Site Date & time (UTC) Normalized absolute

correlation coefficient |R|

Energy
density
(W/m?)

PPIG ATLI PPIG ATLI TP1
TP1 TAl
TP2 TA2
TP3 TA3
TP4 TA4
TP5 TA5

TP2 TP3 TP4 TP5
2017-11-04, 20:41:22  12.00 0.69 1.00 0.73 0.69 028 0.43
2017-11-06, 22:54:28 30.50 1.41 0.73 1.00 0.65 034 0.38
2017-11-10,13:55:35 41.70 2.18 0.69 0.65 1.00 030 0.49
2017-11-24, 23:55:47 2.09 047 028 034 030 1.00 0.31
2017-11-25,04:53:21 135 0.15 043 038 049 031 1.00

spanning 900 kg/m> for pumices to 2600 kg/m? for juvenile lithics
(Arana-Salinas et al., 2010), we may assume that an average density of
1750 kg/m> provides reasonable energy estimates. The energy densities
for the analyzed events are listed in Table 1. For these calculations, we
use a duration of 100 s (both seismic and airwave phases). Observe that
in PPIG and ATLI, TP3 and TA3 are the most energetic signals where the
ground-coupled airwave energy dominates in both velocity and displace-
ment records (Fig. 3a and b), while TP5 and TA5 are the signals with low-
est energy. The energy ratios between the templates of PPIG relative to

Table 2
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ATLI are 17.39, 21.63, 19.12, 4.44, and 9.00, yielding an average of 14.31
(Table 1). These energy differences, as well as the peak-to-trough values
between PPIG and ATLI, are partially explained by geometrical spreading
and distances of these stations from the volcano vent (see Fig. 2). Local
site effects cannot be ruled out, however, to fully quantify these effects
would require further studies that are beyond the purpose of this work.
We calculated |R| between each PPIG template in order to identify
waveform differences. Observe that although the templates present a
clear ground-coupled air phase, they do not present the same waveform
specifically in the seismic phase (see Fig. 3). The |R| values between TP1,
TP2, and TP3 range between 0.65 and 0.73, indicating a high degree of
waveform similarity (Table 1). On the contrary, for TP4 and TP5, |R| barely
reaches 0.35, indicating that there is little similarity between these sig-
nals, nor with respect to TP1, TP2, or TP3. The lack of similarity between
TP1, TP4, and TP5 (see Table 1) suggests that these events represent dif-
ferent explosive mechanisms and, therefore, we selected these events to
run ATMC over the two years of seismic data. We discuss the effects in
finding detections due to the template waveform differences in Section 6.
Events TP1, TP2, and TP3 are described in CENAPRED Popocatépetl ac-
tivity reports (http://www.cenapred.unam.mx/reportesVolcanGobMX/)
as “high energetic explosive events that lofted columns into the atmo-
sphere up to heights exceeding 2 km above the summit”, while TP4 and
TP5 are both referred to as “explosive volcanic activity with sustained
degassing”. Those descriptions are not meant to differentiate the type of

List of the 43 events detected by ATMC in PPIG records using templates TP1, TP2 and TP3: number of event, date (yyyy-mm-dd), UTC and local times, correlation coefficient [R| > 0.5, and the
description of Popocatépetl eruptive events reported in CENAPRED catalog (http://www.cenapred.unam.mx/reportesVolcanGobMX/). All these events correspond to Category 1 (see

Section 6). Events with an asterisk corresponds to TP1, TP2 and TP3.

No. Event date Event time (UTC) Event time (Local time) IR| Description of activity by CENAPRED

E1l 2017-01-24 19:18:00 13:18:00 0.54 1 explosion. Low content of ash fall-out.

E2 2017-05-07 14:05:00 09:08:00 0.55 12 explosions. Emissions of gas, ash and water

E3 2017-10-05 07:26:00 02:26:00 0.60 5 explosions. Volcanic tremor two hours after explosions.

E4 2017-10-05 11:42:00 06:42:00 0.59 5 explosions. Volcanic tremor two hours after explosions.

E5 2017-10-05 19:31:00 14:31:00 0.53 5 explosions. Volcanic tremor two hours after explosions.

E6 2017-10-06 13:22:00 08:22:00 0.58 4 explosions. Light ash fall-out.

E7 2017-10-07 01:13:00 20:13:00 0.52 3 explosions. 2 explosions with ash column height less than 2000 and 3000 m.
E8 2017-10-07 05:49:00 00:49:00 0.67 3 explosions. 2 explosions with ash column less than 2000 m and 3000 m of height.
E9 2017-10-08 19:28:00 14:28:00 0.65 4 explosions

E10 2017-10-09 03:14:00 22:14:00 0.53 4 explosions. One reported previous day.

E11 2017-10-09 20:27:00 15:27:00 0.56 4 explosions. One reported previous day.

E12 2017-10-10 06:26:00 01:26:00 0.72 4 explosions.

E13 2017-10-10 08:14:00 03:14:00 0.73 4 explosions.

E14 2017-10-11 04:48:00 23:48:00 0.70 2 explosions. No visibility to the volcano.

E15* 2017-11-04 20:40:00 14:40:00 1.00 3 explosions.

E16* 2017-11-06 22:53:00 16:53:00 0.73 1 explosion. Ash column of 2500 m of height

E17* 2017-11-10 13:34:00 07:34:00 0.69 3 explosions. Ash column of 3000 m of height.

E18 2018-30-01 22:21:00 16:21:00 0.59 4 explosions. Light ash fall-out.

E19 2018-07-19 03:36:00 22:36:00 0.52 1 explosion.

E20 2018-07-19 04:31:00 23:31:00 0.63 1 explosion.

E21 2018-07-19 02:30:00 21:30:00 0.61 6 explosions. Light ash fall-out.

E22 2018-07-19 16:00:00 11:00:00 0.50 6 explosions. Light ash fall-out.

E23 2018-09-18 17:48:00 12.48:00 0.73 8 explosions. 204 min of harmonic tremor.

E24 2018-09-23 01:00:00 20:23:00 0.68 5 explosions.

E25 2018-09-25 08:18:00 03:18:00 0.72 11 explosions.

E26 2018-09-29 07:10:00 02:10:00 0.56 4 explosions.

E27 2018-10-07 16:19:00 11:19:00 0.70 5 explosions.

E28 2018-10-07 22:20:00 17:20:00 0.53 5 explosions

E29 2018-11-28 18:57:00 12:57:00 0.51 1 explosion.

E30 2018-11-28 02:02:00 20:02:00 0.54 1 explosion.

E31 2018-12-02 15:22:00 09:22:00 0.54 4 explosions. Two with ash column heights of 1500 and 2500 m.

E32 2018-12-04 08:30:00 02:30:00 0.53 2 explosions. Emission of material.

E33 2018-12-04 16:56:00 10:56:00 0.50 2 explosions. Emission of material.

E34 2018-12-07 12:46:00 06:46:00 0.55 2 explosions. Ash column height of 1800 m.

E35 2018-12-08 04:44:00 22:44:00 0.55 3 explosions. Two with ash column heights of 1500 and 2000 m.

E36 2018-12-08 05:22:00 23:22:00 0.62 3 explosions. Two with ash column heights of 1500 and 2000 m.

E37 2018-12-08 18:27:00 12:27:00 0.61 3 explosions. Two with ash column heights of 1500 and 2000 m.

E38 2018-12-09 07:39:00 01:39:00 0.73 4 explosions. Three with ash column heights of 1500, 2500 and 3000 m.
E39 2018-12-09 13:51:00 07:51:00 0.71 4 explosions. Three with ash column heights of 1500, 2500 and 3000 m.
E40 2018-12-09 16:35:00 10:35:00 0.64 4 explosions. Three with ash column heights of 1500, 2500 and 3000 m.
E41 2018-12-10 12:49:00 06:49:00 0.66 2 explosions. One with ash colum height of 1100 m.

E42 2018-12-10 17:43:00 11:45:00 0.55 2 explosions. One with ash colum height of 1100 m.

E43 2018-12-16 00:58:00 18:58:00 0.71 5 explosions. Detected by TP5.
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Fig. 5. a) Example of time-series of normalized correlation coefficients |R| calculated for the month of October 2017, using TP1. The red line indicates the threshold value. The polar plot
shows wind direction (black) and wind speed (blue) relative to Altzomoni station. Detected events are highlighted in red. Wind data was taken from Altzomoni RUOA webpage (https://
www.ruoa.unam.mx). Images illustrate the type of eruption for events occurred on 2017-10-07, 05:50:16 UTC and on 2017-10-07, 19:29:51 UTC, denoted by P1 and P2 respectively. The
arrow shows the direction where the camera points to. These images were taken from the CENAPRED webpage (http://cenapred.unam.mx/reportesVolcanGobMx/). b) Same as in Fig. 5a,
for December 2018. Images P3 and P4 correspond to events that occurred on 2018-12-08, 18:29:21 UTC and 2018-10-09, 19:39:42 UTC, respectively. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

activity associated with the templates. In fact, explosive events with clear
seismic and infrasonic phases are the main characteristics of the tem-
plates. These features distinguish the events that CENAPRED reports
since the catalog counts many types of emissions. Therefore, the events
that ATMC searches for are those mild to large explosion where the
acoustic waveform is clearly distinguishable in seismic displacement re-
cords (denoted by arrows in Fig. 3a and b). For this reason, the number
of events reported in CENAPRED catalog cannot be compared directly
with the results obtained with ATMC. On the other hand, we set the min-
imum |R| threshold to declare a match at 0.5, given that ATMC is looking
for mild to large explosive events in PPIG seismograms, which are af-
fected by wind as well as electronic noise from a TV transmitter station lo-
cated less than 1 km away.

4. Results
4.1. Detected events

The dominant vertical interaction between the atmosphere and
the ground makes ground-coupled airwaves easier to recognize
in the PPIG vertical displacement component than in horizontal
records. In addition, ground-coupled airwave signals show up as neg-
ative pulses on vertical displacement seismograms, indicating that
they are anti-correlated with the infrasound records due to grazing

incidence (Ben-Menahem and Singh, 1981; de Groot-Hedlin
and Hedlin, 2019; Matoza et al, 2019a). The ground-coupled
airwaves are not detected in the horizontal components or these air-
waves are weak, therefore we restricted our analysis to the vertical
component.

Table 2 lists events detected by ATMC that present seismic and air
phases and are reported by CENAPRED. The table includes only the
dates and number of events reported by CENAPRED of those days
when ATMC detected an explosion with seismic and air phases that
matched any of the characteristics of TP1, TP2 and TP3 templates
(Fig. 3a-d). Using TP1, we detected 43 ground-coupled airwaves in
PPIG data from 2017 to 2018, including TP2 and TP3 (Table 2). Their as-
sociated |R| range between 0.5 and 0.8. Fig. 5a and b show examples of |
R| for October 2017 and December 2018, along with the respective polar
plot of wind direction and wind speed, and photographs documenting
typical eruptive activity during these months. Observe that the domi-
nant wind direction pattern was quite regular. This suggests that neither
the wind direction nor its velocity (ranging between 0.8 m/s and 16 m/
s) affected the waveform characteristics of the explosions. Therefore, we
may consider that our results are independent of wind conditions. The
polar plots are obtained using data from the Altzomoni meteorological
station, located 6.4 km 20° NW from PPIG (Fig. 2), and is part of the
Red Universitaria de Observatorios Atmosféricos (https://www.ruoa.
unam.mx).
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Fig.5 (continued).

For the two years of analyzed data, the values of |R| plotted in Fig. 5a
and b do not present any trend with time. The lowest rates of ground-
coupled airwaves occurred in January and May 2018 (additional |R|
plots can be found in the supplementary material). For TP4 no detec-
tions were found and for TP5 only one event was detected (see
Table 2). This implies that TP4 and TP5 were rare events during the
study interval. Furthermore, the low intensity characteristics of such
events made their airwave signals difficult to detect at PPIG (Fig. 3a
and d).

The waveforms of the 43 detected events (17 events detected in
2017, 26 events detected in 2018) are stacked for comparison with
TP1 (see Fig. 6a and b). In order to emphasize the seismic and air phases,
wecalculate the |R| value over a 50 s time window between the stack
and original signal. The |R| between the stack and TP1 is 0.90, with
minor discrepancies concentrated in the time window before the air-
wave appears and in the last 10 s of the record. The stack and TP1
were band-pass filtered from 0.01 Hz and 0.5 Hz (Fig. 6¢).

4.2. Travel-times interpretation

Fig. 7a shows the maximum displacement amplitude |U,q| versus
the corresponding travel time difference, t,,-ts,, Where t,, is the
arrival time of the airwave phase and ¢y, is the arrival time of the
seismic phase. For all events, |Up,q4| is the peak-to-trough value of each
airwave detected using TP1. Fig. 7b shows examples of how t,, and &,
are measured in the displacement traces after filtered in the
0.01-0.5 Hz band to obtain accurate travel times. Most of the delays in
Fig. 7a are concentrated between 12 s and 14 s (with only one erratic

delay at 18 s), standard deviation of t,,—ts, with respect to the average
is 1 s and with respect to TP1 is 1.31 s. Similar travel time delays
(11-16 s) were recorded by a receiver located 4.6 km from the vent of
Tungurahua volcano in Ecuador (Ruiz et al., 2006). No obvious trend be-
tween tgp-tsp and |Umgy| is apparent, and the amplitude |Upgqy| variations,
of about two orders of magnitude, suggest stability in their origin.
Therefore, to interpret these travel time delays we estimate the
velocity of acoustic waves both in the atmosphere around the
Popocatépetl region and in the conduit. Additionally, we estimate
the P-wave velocity for shallow depths (< 5 km) and assume two rela-
tive simple scenarios: 1) the medium is homogenous having constant
velocity and 2) the medium is heterogenous with a constant velocity
gradient with depth (Beydoun and Ben-Menahem, 1985; Sanchez-
Sesma et al., 2001).

For the first scenario, we take a P-wave velocity of 3.5 km/s for
shallow depths (< 5 km), which is consistent with the velocity
model used to locate Popocatépetl volcanic events using seismic net-
works (Valdes et al., 1995; Arciniega-Ceballos et al., 2000, 2008) and
has been validated by waveform inversion models of long-period and
very-long period signals related to mild explosions (Chouet et al.,
2005; Arciniega-Ceballos et al., 2012). Moreover, given that the pre-
dominant periods (1-2 s) of events shown in Fig. 7a, are related to
large wavelengths, lateral heterogeneities can be neglected. There-
fore, for such a homogenous medium the seismic phase would arrive
at PPIG in "t, = 1.40 s.

Delving into the second assumption, the curved ray travel time for
the seismic phase (7), that features the constant velocity gradient me-
dium for which the velocity is V,(z) = V,(z:)(1 + (z-z;)/h), can be
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Fig. 6. a) Traces of the 43 detected events (|R| > 0.5) from 2017-01-01 to 2018-12-31 using
TP1. b) Stack of detected events (black line) compared with the waveform of TP1 (red
line). The |R| between these two waveforms is 0.90. In c) are displayed the waveforms
shown in (b) after filtering in the 0.01-0.5 Hz band to emphasize the air phase and
facilitate time picking and comparison. The arrows in b) and c) point to the arrival times
of the seismic phase (f;,) and to the ground-coupled air phase (t,,). Amplitudes in all
traces are normalized with respect to their maximum. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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obtained following Beydoun and Ben-Menahem (1985) and Sanchez-
Sesma et al. (2001) as:

where Vp(z,)/h is the velocity gradient, h is a length between the level of
zero velocity and the level z = z, of the reference wave velocity Vp(z —
z), taken as 540 m/s (Fig. 8b).

Here, Ry =

Ry, + Ry
R—FK,

7= Vp(z)/h ™ In ( (5)

X2 + (z—2z,—29)* is the distance between the source

and the observation point at (x, z), zo is the source depth and R, =

\/x2 + (z+ (zr—20) + Zh)2 is the distance between an image source
of a bipolar reference system at depth —(zy + 2h) and the observation
point. The wave paths depend on the take-off angles; shallower sources
(< 200 m depth) may feature impossible ray paths towards PPIG, and
deeper sources (> 200 m) take-off downward and accelerate with
depth drifting vertically away from the station. Eq. (5) is computed for
the depth interval 0 to 800 m every 20 m (Fig. 8a), estimating the veloc-
ity gradient (V}, (z:/h)) taking the derivative from the velocity curve
show in Fig. 8b. This curve was obtained using the basaltic andesitic
model for shallow structures (< 500 m) in volcanoes (Lesage et al.,
2018). For larger depths (500 <z < 800 m) we assigned 3.5 km/s.
Finally, the average travel-time to PPIG is “t, = 1.22 s, under the state
conditions.

Additionally, the propagation velocity of acoustic waves can be ob-
tained from the effective sound speed equation (Bass et al., 1991;
Garcés et al.,, 1998; Fee and Matoza, 2013):

Cof = \/YRgTg +1-u

where u is the wind velocity in the direction given by the unit vector 7.
The air constant R, = 286 m?/s?/K, the specific heat ratio y=1.4, and T,
is temperature in Kelvin. We estimate c.; = 338 m/s using the average
values for the wind speed (5 m/s) and temperature (278.15 K) at an
altitude of 4000 m.a.s.l. (these values are obtained from the web site
of the Altzomoni meteorological station; https://www.ruoa.unam.mx/
index.php?page=estaciones&id=2).

(6)

a) b)
20
@ Events P3  2018-12-08, 18:00:00
*Templates
.
18 l l
0 _
L 16 13.2s
4_5"
! P4 2018-12-09, 16:00:00
< TP5
+ 14 CRLS e ses ¢
. - o.o ".A®P2' S ep3 L] l l
° Xeo I\ o o ¥ °
P4 TP3
TP4 o0 g TPIK .%2 *
12 e e (®
Pl 1355
0 20 40 60
10 Time (s)
1 10 100
[Umax| (Hm)

Fig. 7. a) The maximum displacements amplitudes |[Umax| of detected events shown in Fig. 6a, using TP1 versus the arrival times difference between the seismic phase (t,) and the air
phase (tgp) (blue dots). Red stars indicate templates TP1 to TP5. The red line shows the mean value of the arrival time differences. Events in red circles correspond to the images of the
eruptions shown in Fig. 5a and b. The signals P3 and P4 filtered in 0.01-0.5 Hz band, depicted in panel b) exemplify the picking of arrival times (indicated by the arrows) to calculate
the seismic and air phases time differences. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. a) S-N profile of Popocatépetl volcano (in red) using the view of the crater taken from the photograph (http://cenapred.unam.mx/reportesVolcanGobMx/) and elevation data points
from Google Earth. Plotted at PPIG station is the particle motion of template TP1 for seismic (red line) and air wave (blue line) phases. The grey shaded area indicates the crater floor. Black
crosses indicate the seismic source region inferred using time differences tq,-ts, of the events displayed in Fig. 7a. The blue rectangles indicate the centroid location of LP and VLP seismic
sources (Arciniega-Ceballos et al., 2012). b) Velocity curve calculated every 20 m, using the basaltic andesitic model for shallow structures in volcanoes (blue solid line) (Lesage et al.,
2018). Red dashed lines indicate the velocity gradient. See Section 5 for details. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Taking the line of sight between PPIG and the Popocatépetl summit
we find that the acoustic phase (tq,) would reach PPIG in ~15.0 s assum-
ing linear propagation. Besides this part of travel time in the atmo-
spheric path, we add the travel time inside the conduit assuming that
the source mechanism consists of a pressurized conduit that explodes
at z, emitting mixtures of gas, ash and other volcanic materials, at
average velocities of 130-160 m/s (Alatorre-Ibargiiengoitia and
Delgado-Granados, 2006; Alatorre-Ibargiiengoitia et al., 2011). In this
scenario, the acoustic waves travel faster than the volcanic materials,
which are driven by gas expansion (Alatorre-Ibargiiengoitia et al.,
2011; Arciniega-Ceballos et al., 2015). Then, as the characteristics of
the conduit (geometry, filling material, etc.), are unknown and may af-
fect considerably the wave velocity, we assumed that the conduit is
clear and that the acoustic waves travel in the range from Mach 1 to
Mach 6 (Tameguri et al., 2002; Yamada et al., 2016).

Therefore, the average travel times considering vertical paths from
depths 50-800 m to the vent, for Mach 1 is M’t. = 1.17 s and for Mach
6is Mo, = 0.19s.

Adding these values to the travel time from the vent to PPIG (t,, =
15.0 s) and subtracting the P-wave travel times, ¥, = 1.40 s and “t,
= 1.22 s, respectively, we can obtain the average delays related to the

whole path. For the homogeneous medium (M""t, -fit, = 14.8 s and
MGHy Hp, = 13.8 s) and for the constant-gradient velocity medium
(M9t -%t, = 15.0 s and M®t,-“t, = 14.0 s). The depth range for the
events shown in Fig. 7a, as first approximation with respect to PPIG
elevation Zppic (4000 m.a.s.l.), can be estimated as Z = Cep(top—
tsp + Mtc) - Zppic, yielding 130 to 810 m (Fig. 8a). These results
suggest that regardless of the P-wave velocity assumptions, the
higher the acoustic velocity in the conduit is, the better constrained
the data is.

Particle trajectories of displacement in the horizontal and vertical
planes obtained in the 0.01-0.5 Hz band for TP1 and the stack of the
43 events are shown in Fig. 9a and b. According to Neuberg and
Pointer (2000), the topography correction applies for shallower sources
than half of the wavelength of the dominant frequency of the signal. For
PPIG it can be neglected given the dominant period range of 1-10 s and
the wavelengths involved using 3500 km/s for the first 5 km (Valdes
et al., 1995; Arciniega-Ceballos et al., 2000, 2008).

Then, particle motion was calculated for the specific time window
related to the seismic and the air phases. The patterns of the particle
motion in the horizontal plane for the seismic phases (Fig. 9a and
b) point directly to the volcano and the air phases roughly coincide
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Fig. 9. Trajectories of particle motion in the horizontal (radial-transversal) and vertical (vertical-radial) planes; top and middle panels, respectively. Shaded bars in each bottom panel
indicate the time window used in the particle motion plots for the seismic and the airwave phases; a) and b) respectively, for template TP1, and c) and d), respectively, for the stack of
detected events. The arrows indicate the direction of motion. Seismic traces are filtered in the 0.01-0.5 Hz frequency band.

with the wind direction (NW-SE) that predominated during the period
of study (see polar plots in Fig. 5a and b and supplemental material).
Therefore c.; = 338 m/s is adequate for our calculations. Note that the
particle motion in the vertical plane suggests that seismic waves
arrive to PPIG from depth with an acute angle (Fig.9a and 9b).

5. Discussion

In summary, the common characteristics of detected events are:
(1) similar waveforms (see Figs. 3, 7b); (2) travel time differences tg,-
tsp near 13.4 s (see Fig. 7a); and (3) comparable events representative
of mild explosions with eruptive column heights ranging from 500 m
to 3000 m above the summit (Fig. 5a and b, Table 2). These
similarities suggest that these events share similar mechanisms and
originate from a restricted source region that was active at least
during the period of study (2017-2018). The 2 s travel time variation
between the seismic and the air phases indicates a proportional
variation in source depth. The extended source region may range
between 130 and 800 m depth below the vent (Fig. 8a). This
estimation coincides with the distribution of hypocenters for long-
period events (Arciniega-Ceballos et al., 2008) and falls within the re-
gion constrained by centroid depth locations imaged from waveform in-
version of very-long-period signals (1500 m) and long-period signals
(4 250 m) recorded at Popocatépetl volcano (Arciniega-Ceballos
et al., 1999, 2012; Chouet et al., 2005). Similar interpretations of
infrasound and seismic records were used to locate the seismic source
regions at Stromboli volcano (Braun and Ripepe, 1993; Ripepe et al.,
2001), Tungurahua (Ruiz et al., 2006), and Mt. Cleveland (De Angelis
et al, 2012; lezzi et al., 2020).
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We first set the |R| threshold to 0.5 but we noticed that small
degassing events could also be detected using a lower threshold value
of 0.4. However, selecting lower threshold values (0.4<|R| < 0.5) in-
volves more human intervention requiring a careful selection of time
windows to eliminate tremor and earthquakes, and to identify events
hidden in microseismic noise and rejecting false detections. ATMC
could be adapted to consider smaller volcanic events but here we target
moderate to large explosions. Therefore, to exemplify detected versus
undetected events, event traces are organized in three categories in
Fig. 10a-c. The first category includes detected events using TP1,
whose [R| are in the range 0.5-0.8. These events were reported by
CENAPRED and present clear air phase (Fig. 10a). Waveform character-
istics of these events coincide with those of long-period events classified
as Type I by Arciniega-Ceballos et al. (2008). To confirm the number of
successful detections running TP1 we ran ATMC with templates TP2
and TP3 and obtained the same 43 detected events (see Table 2). The
second category covers events with 0.4 < |R| < 0.5 (a total of 38 events)
using templates TP1 and TP2. These events are also reported in the
CENAPRED catalog. Note that for these events, the signal that would cor-
respond to the arrival time of the air phase is unclear due to their small
amplitudes and masking influence of microseismicity (see Fig. 10b).
This happens because ATMC takes into account the whole template
length (100 s) comprising seismic and air phases. Therefore, the events
in category 2 (Fig. 10b) are examples where the detection is dominated
by the seismic phase. This indicates that although not all explosive
events contain a recognizable air phase, these can be detected by
ATMC. The third category exemplifies some of the events reported by
CENAPRED that ATMC did not detect. Note that these events are buried
in microseismicity noise and require filtering above 1 Hz to become
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Fig. 10. Detected events organized in three categories based on their |R| using TP1. Panel a) Category 1 traces of detected explosive events with |R| > 0.5. Clear ground-coupled air phases can
be observed and are indicated by black arrows. Panel b) Category 2 examples of detected events with 0.4 < |R| < 0.5. Panel ¢) Category 3 traces of undetected events by ATMC but reported
by CENAPRED. Panel d) depicts the signals shown in panel c) after high-pass filtered (1 Hz). Time and date in UTC and |R| of each event are at the upper right of plot. The size of the bars at
the left side of each plot, represents the maximum peak-to-though amplitude relative to the scale bar in the y-axes (see Section 5 for major explanation).

visible (see examples of these signals in Fig. 10c and d). These signals do
not contain seismic or air phases that can categorize them as explosive
events.

Microseismic noise in and around Popocatépetl features dominant
periods between 2 and 12 s, which may also range up to 20 s
(Arciniega-Ceballos et al., 1999, 2003). When the amplitude ratio be-
tween the volcanic signal to microseismic noise is low, the only recourse
to retrieve the volcanic signals is by filtering the seismic record, the
point is that the filtered signals are not mild or large explosive events.
The filtering may affect the airwave dominant frequency (0.4 Hz)
since it is close to the microseismicity frequency range (Matoza et al.,
2019a). Therefore, we tested several time windows in order to find
the window length for which ATMC detects more events and eliminate
the codas where microseismic noise may be predominant. We ran
ATMC using 10 s, 20 s, 30 s, 40 s, 50 s template windows and compare
the results with 100 s window. To exemplify these calculations, we ran-
domly selected two records 24 h long: 2017-04-23 (Julian day 113) and
2018-12-08 (Julian day 342). For 2017-04-23, we obtained a total of 268
detections for 10 s window, 28 detections for 20 s window, 1 detection
for 30 s window, and no detections from 40 s, 50 s and 100 s. For 10's,
20 s and 30 s most of the detections are false positives, thus these win-
dow lengths are discarded.

On the other hand, for 2018-12-08 we obtained 2131 detections
with 10 s window and 247 detections for 20 s window, all of which
are false positives. For the 30 s, 3 of 6 detections are false. Finally, for
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40,50 s and 100 s windows only 3 detections were found which coin-
cide with those detected by TP1. However, comparing 40 s, 50 s and
100 s, using TP2, TP3, TP4 and TP5 as well, although ATMC runs 12 to
25% faster with 40 s and 50 s than 100 s, with 40 s and 50 s ATMC gen-
erates a huge amount of false positives. For 40 s and 50 s TP1 and TP2
yielded consistently the same results with 100 s for events in categories
1 and 2 (see Fig. 10a and b). In contrast, although TP3 detected the
events listed in categories 1 and 2, it produced hundreds of false positive
detections related to microseismic noise and surfaces waveforms unre-
lated to volcanic airwaves. Using TP4, ATMC did not detect any event,
and using TP5, ATMC detected some of the events in category 1, how-
ever at the cost of thousands of false detections. Templates present
high similarity, their slight differences prone each template to detect
the seismic or air wave phases predominantly. Therefore, for the analy-
sis we used 100 s window length for the templates TP1, TP2, TP3, TP4
and TP5.

6. Conclusions

In this work we described an Automatic Template-Matching
Code (ATMC) to systematically identify volcanic explosions recorded
as ground-coupled airwaves in broadband seismograms. We analyzed
two years of continuous broadband seismic records from the perma-
nent PPIG seismic station of Popocatépetl. We used five templates
of 100 s length identified at PPIG associated with waveforms of
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ground-coupled airwaves recorded at ATLI (Figs. 3 and 4). Running
ATMC with templates TP1, TP2 and TP3, we found 43 events with |R|
in the range 0.5-0.8, these events are reported by CENAPRED (Table 2).

Our results indicate that a correlation coefficient above 0.5 is suffi-
cient to identify explosive events and their associated ground-coupled
airwaves in displacement seismograms. The activity during the period
of study was dominated by repeated events associated with mild
degassing explosions sharing similar waveforms as templates TP1,
TP2, and TP3, and displaying a wide range of amplitudes (Figs. 3, 7
and 10). Amplitude intensities can be related to initial pressure condi-
tions that drives seismic and acoustic sources, which for a simple inter-
pretation could be at depths 130-800 m below the crater floor of
Popocatépetl (Figs. 7 and 8). These results suggest that Popocatépetl
has maintained a degree of non-destructive source mechanism through
2017-2018, consistent with observations since its reawakening in 1994
(Arciniega-Ceballos et al., 1999, 2012, 2015; Chouet et al., 2005). How-
ever, not all explosive events produced by Popocatépetl present a repet-
itive character and, therefore, these may not be detected by a template
matching procedure using a handful of templates. Nevertheless, to con-
firm the above observations, our current work includes the identifica-
tion of signals related to ground-coupled airwaves in seismograms
recorded in broadband seismic networks using recent and past data. A
next step in this research will be a detailed investigation of the effects
of infrasound propagation variability and wind noise (e.g., Matoza and
Fee, 2018; Matoza et al., 2019b; and references therein) on the ATMC
capabilities to enable the detection of different types of explosions and
ground-coupled airwaves around Popocatépetl.

ATMC would be enhanced by increasing the template library,
enabling the identification and classification of different explosive
signatures associated with the evolution of Popocatépetl explosive
behavior, thereby improving hazards assessment.

Online material

The Python code including an example is at the Github repository:
https://github.com/GerardoMendo/ATMC

Open software and data statement

ATMC is available in Github (https://github.com/GerardoMendo/
ATMC) and can be adapted to different types of seismic records. In this
work, ATMC processed 48 months of seismic data, divided in records
of one-hour long each at 14 sps, in approximately 48 h. The code ran
on Debian 10 Buster using Linux 19.0 and Python 3.7, using an Intel I5
2.8 GHz, 8 Gb in RAM and 512 Gb SSD computer.

All data from the temporary station ATLI are available at the IRIS
Data Management Center (DMC): (Matoza and Arciniega-Ceballos,
2017). Popocatépetl Volcano Temporary Deployment, 2017-2018
[Data set]. International Federation of Digital Seismograph Networks,
http://www.fdsn.org/networks/detail/5K_2017/. All data from the
PPIG station are available at the Servicio Sismoldgico Nacional, Instituto
de Geofisica, Universidad Nacional Auténoma de México (http://www.
SSn.unam.mx).
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