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On December 12, 2017 a devastating release and combustion of gas occurred at the Baumgarten gas hub 
in Eastern Austria, which is a major European distribution node for natural gas. We have detected the 
resulting seismo-acoustic signal on permanent and temporary broadband seismic stations at distances 
between 30 and 175 km from the gas hub, most prominently in the 2–4 Hz range. Two distinct phase 
arrivals correspond to acoustic waves traveling through the troposphere and stratosphere. The passing 
of a cold front shortly before the explosion led to several temperature inversions at low altitude, and 
acoustic waveguides within the troposphere that facilitated our infrasound detections at distances as 
close as 50 km from the source, in addition to the commonly observed stratospheric reflections. 3D 
acoustic raytracing using temperature and wind velocities from the HRES (high-resolution) forecast model 
of the European Center for Medium Range Weather Forecast (ECMWF) has allowed to precisely relate 
the spatial distribution of our detections with calculated surface bounce points of infrasound rays. This 
has provided a precise and independent estimate of the time of the accident, to be used in forensic 
investigations. In addition to the acoustic signal we find evidence for weak seismic phases on the 
stations closest to the gas hub, yet the sudden release of gas above the surface generated acoustic waves 
more effectively than seismic waves. After the first explosion signal, we also detect a prolonged coda 
of elevated noise, which is probably due to ongoing gas release and/or the fire from the escaping gas. 
Systematic analyses like the one conducted here are of great value to detect, locate, and characterize 
anthropogenic sources at a regional scale.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Seismic monitoring has proven very useful not only for detect-
ing earthquakes, but also to observe other types of seismic sources, 
from different natural causes to human activity. Within that wide 
range of applications the study of both deliberate and accidental 
explosions has a particular role, due to the need to investigate 
such incidents using all available information. Case studies where 
seismology provided unique insight have included accidental ex-
plosions of pipelines (Koper et al., 2003; Evers et al., 2007), of 
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industrial plants (Ceranna et al., 2009; Ottemöller and Evers, 2008), 
of ammunition depots/factories and of war remnants (Kristekova et 
al., 2008; Green et al., 2011; Hinzen, 2014) as well as the sinking 
of submarines or ships (Koper and Wallace, 2001; Hong, 2011), and 
military and/or terrorist activity (Aleqabi et al., 2015; Koper et al., 
1999, 2002).

Seismological measurements are particularly useful, if they are 
not only available from single seismometers, but from distributed 
networks, as demonstrated using the USArray (Walker et al., 2011; 
Nippress et al., 2014; Chunchuzov et al., 2014; Hedlin and Drob, 
2014). The recently installed AlpArray network across the Euro-
pean Alps (Hetényi et al., 2018) is so far the largest dense de-
ployment of that kind in Europe. It consists of 628 broadband 
seismic 3-component stations, and has an average station spacing 
of around 40 km. The primary purpose of the network is the study 
of the subsurface under the Alpine region; yet the dense station 
spacing makes it attractive also for investigating other geophysical 
phenomena.
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. a) Map of the seismic stations (triangles) in the wider Vienna region used for this study from AlpArray and other networks. The location of the Baumgarten gas 
explosion is marked by the red star. The inset shows the position of the study area within Europe. All stations are marked with names. Station names following the scheme 
AxxxA, with xxx being digits only, denote temporary AlpArray stations (network code Z3), while all other stations are associated with various permanent networks (for 
network codes see Acknowledgments). b) Intact gas filtering devices at the Baumgarten gas hub before the explosion.5 c) The fire during the explosion as seen from larger 
distance.6 d) Destroyed gas filter device after the explosion.7
We report here about a study of infrasound and seismic waves 
from Eastern Austria, which has shown the capability of the 
AlpArray network to detect seismo-acoustic waves, and to con-
tribute to investigations of human accidents. On December 12, 
2017 a devastating release and combustion of gas occurred at 
the Baumgarten gas hub in Eastern Austria. The Baumgarten gas 
hub is located 35 kilometers to the North-East of Vienna, near the 
Austria–Slovakia border (see Fig. 1); it is one of the major distri-
bution hubs for natural gas in Europe. With an annual transported 
volume of 40 billion cubic meters (equivalent to 10% of Europe’s 
gas demand) it is Austria’s main reception point for natural gas im-
ports, especially from Russia and Norway.2 The majority of the gas 
is transported to other European countries, in particular Germany, 
Italy and Hungary.

In this paper, we begin with a ground truth description of the 
incident; then we focus on the characteristics of the seismic data. 
We introduce the raypath modeling we performed, and the me-
teorological data that were used, and compare the observations 
with the predicted arrivals. We will show how the origin time 
can be determined best by using the entire timefield of the acous-
tic waves. A supplementary section shows all analyzed data and 
briefly discusses additional information, e.g. comparison of the me-
teorological forecast model with measured balloon data, and more 
details on the determination of the origin time.

2 https://www.gasconnect .at /fileadmin /Broschueren -Folder /GCA _2016 -04 _
Baumgarten _EN _web .pdf.
2. Ground truth

On December 12, 2017 around 07:45 UTC (time of the first 
emergency call) a devastating release and combustion of gas oc-
curred at the Baumgarten gas hub (see Fig. 1). The incident caused 
one fatality and left over 20 people injured.3 As news about the 
incident spread, the price for natural gas temporarily increased by 
more than 80% on several gas exchange markets in Europe.4 While 
commonly termed “The Baumgarten explosion” the incident was 
technically not an explosion. Rather, according to forensic on-site 
investigations, highly pressurized gas was released very suddenly 
and forcefully blown out of a gas filtering device located above 
ground and was subsequently set on fire. A missing safety bolt at 
one of the closing lids resulted in failure of the lid at a pressure 
of few tens of bars, and gas got suddenly released. The lid force-
fully crashed into a second filter device located opposite at several 
meters distance. Highly pressurized gas was released from the sec-
ond device as well. Likely, the impact of the first metallic lid onto 
the second created sparks which ignited the gas. However, since 

3 https://www.nytimes .com /2017 /12 /12 /world /europe /austria -gas -explosion .html.
4 https://www.theguardian .com /world /2017 /dec /12 /italy-declares -state -

emergency-gas -explosion -austria.
5 http://www.heute .at /welt /news /story /Italien -erklaert -Notstand -nach -

Gasexplosion -bei -OMV -49525073.
6 https://diepresse .com /home /panorama /oesterreich /5336872 /Explosion -in -

Gasstation -Baumgarten -fordert -ein -Todesopfer.
7 http://www.noen .at /gaenserndorf /verheerende -explosion -opfer-mehrheitlich -

gas -connect -mitarbeiter /70 .752 .356.
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Fig. 2. Result of grid search for source location using first onset picks (with 2 ×
2 km grid interval, 2 s time step, acoustic velocity fixed to 330 m/s). The resulting 
location is 3 km from true location.

the gas was blown out of the filtering tube at very high pressure 
it could not explosively combust. Only more than hundred meters 
from the point of release the violent gas stream started burning. 
Temperatures of up to almost 1000 ◦C melted plastic parts of cars 
parked in the vicinity. Eyewitnesses reported a several-meter-high 
flame burning for 15–20 min, which was visible also from Vienna 
(at about 35 km distance), before it got extinguished.

3. Detection of seismo-acoustic data

We use seismic waveform data mainly obtained from the Alp-
Array network, which is operated by 24 European research in-
stitutions and seismological services (Hetényi et al., 2018). The 
seismic network comprises both permanent and temporary instal-
lations and covers the entire Alpine orogen including the neigh-
boring forelands with a homogeneous station spacing of less than 
40 km. Thus, the AlpArray network encompasses the site of the 
Baumgarten gas hub on the border between Austria and Slovakia. 
Additionally, we analyzed waveform data from several local small-
scale short-period arrays to increase the spatial sampling wherever 
possible (see Fig. 1). The majority of waveform data for this study 
is obtained from three-component broad-band sensors and contin-
uously sampled at 100 Hz sampling rate. Please refer to the Data 
availability section for more information and details on data ac-
cess.

We manually inspected the seismic records of 68 stations in-
stalled within a 185 km radius of the Baumgarten gas hub and 
providing data for the day of interest (see Fig. 1 and supplemen-
tary Fig. S1). After the first screening for a seismic phase on the 
closest stations to Baumgarten was not successful, we found an 
impulsive arrival with high signal to noise ratio on four stations 
(A001A, A333A, A337A, and A003A) located on a semicircle cover-
ing north–northwestern to eastern and southern directions around 
Baumgarten with distances ranging from 45 to 70 km. In contrast, 
no such signal could be detected on stations in western directions 
in the same distance range (A005B, A002B, VIE). We derived the 
apparent velocity of the signal by comparing the detection times 
with respect to each other, taking into account the station dis-
tances from the known explosion origin at the Baumgarten gas 
hub. Since the apparent velocities for the detected arrivals were 
in the range of 350–360 m/s it was evident that the signal is of 
seismo-acoustic origin. It propagated as infrasound rather than as 
seismic wave. We manually picked the first onset of the signal for 
the first four detections and used them to locate the epicenter of 
the event by grid search, assuming a constant speed of sound of 
330 m/s (see Fig. 2). This confirmed the source of the detected sig-
nals to be located at the Baumgarten gas hub.

Tracing the apparent velocities of 350–360 m/s on a seismic 
record section sorted by distance yielded many more candidate 
detections of the same phase as well as a second later phase at 
more distant stations, showing a similar apparent velocity. We per-
formed forward modeling of the acoustic waves by raytracing (see 
Section 4 and Fig. 3) which together with the onset picks from 
the detected signals provided a first estimate of the origin time. 
While the apparent velocity is a measure derived by comparing 
arrival times on different stations, the celerity is defined by the 
ratio of distance to travel-time, which is measured individually at 
each station for a given origin time. Based on our preliminary ori-
gin time we were able to search more specifically for detections 
in specific time ranges expected from the celerities of certain in-
frasound wave guides (time windows marked with green and blue 
colors in Fig. 4 and supplementary Fig. S1). Depending on the dis-
tance of the stations, we eventually detected impulsive signals in 
the two celerity ranges of 318–346 m/s and 275–310 m/s, which 
can be attributed to tropospheric and stratospheric guided waves, 
respectively (Ceranna et al., 2009). Finally, the additional detections 
contributed to a refined origin time estimate (see Section 5).

Following the scheme described above, we detected two phase 
arrivals of a characteristic impulsive signal that is very likely asso-
ciated to the Baumgarten accident on 25 seismic stations in up to 
175 km distance from the gas hub (see Figs. 4 and 5). The spatial 
distribution of the detections is highly asymmetric with the major-
ity of detections in northern and eastern directions from the gas 
hub and almost no detections to the west of the gas hub. The faster 
phase is clearly detected on 17 stations (green and violet triangles 
in Fig. 5) mainly at closer distances (in less than 80 km distance), 
but in northern and southern directions also at large distances 
(>100 km). The later phase is clearly observed at 11 stations (blue 
and violet triangles in Fig. 5) and only at distances larger than 
100 km in eastern and south eastern directions. Three stations (vi-
olet triangles in Fig. 5) detected both phases. On the majority of 
stations the explosion signal is most prominent (with best signal-
to-noise ratio) within the 2–4 Hz frequency range. Here, the phase 
identification was done manually. Even so, an automatic procedure 
taking into account peak-signal to noise ratios could yield a very 
similar detection/non-detection pattern, see supplementary Fig. S2.

After the main impulsive seismo-acoustic arrival we observed 
elevated noise levels for approximately 19 min on three stations 
with good signal-to-noise ratios (see Fig. 6). In the waveforms this 
continuation of the explosion signal is evident in form of increased 
background amplitudes. A spectrogram view of the data from sta-
tion A001A shows that amplitudes over a wide frequency range 
from approximately 3 Hz to 20 Hz are increased for the duration 
of this extended coda signal.

For the six stations with positive detections closest to the ex-
plosion we checked the polarization of the seismo-acoustic signal 
for a 0.5 s time window (data bandpass-filtered from 2–4 Hz). 
Within the first onset as well as within the phase of maximum 
amplitudes all such signals are radially polarized and align well 
with the expected direction of propagation from the gas hub (see 
Fig. 7). Polarization along the vertical-radial plane (Z vs. R) does, 
however, not show any clear common polarization or particle mo-
tion features. Based on the origin time from the acoustic signal 
we revisited the records of the closer stations for a purely seismic 
signal originating from the gas explosion. On three close stations 
in distances ranging from 20 to 50 km from the gas explosion we 
find, after all, weak seismic arrivals in the 0.6–1 Hz frequency band 
that are radially polarized along the expected propagation path, 
show retrograde particle motion and propagate (based on the esti-
mated origin time) with seismic group velocities of approximately 
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Fig. 3. a) Atmospheric height profiles for temperature, zonal (longitude-parallel) and meridional (latitude-parallel) wind, from ECMWF forecast model for Dec. 12 2017, 8:00 
UTC at closest grid-point to the explosion (5 km to the north at lat. 16.875◦ , long. 48.375◦). b) Derived effective sound speed as a function of direction. For each azimuth, 
dashed lines show the reference speed of 330 m/s. The scale is shown for a single azimuth (at 0◦). c)–e) Ray paths in the atmosphere for different directions: c) to the West, 
d) to the North and e) to the East. Note the different propagation characteristics depending on azimuth.
0.5 km/s (A001A and A002B), and of 0.82 km/s (MODS) (see Figs. 7
and 8).

By coincidence a quarry blast was set off 55 km south-west of 
the gas hub just four minutes after the gas explosion, potentially 
generating seismic and acoustic signals that could be misinter-
preted as originating from the explosion. Since the origin time and 
location of the quarry blast were well-known (kindly provided by 
the Zentralanstalt für Meteorologie und Geodynamik, ZAMG), we 
calculated expected seismic and acoustic arrival windows for all 
stations using the same values for propagation velocities as for the 
explosion signal. The seismic signal of the quarry blast interfered 
with the arrival time windows of infrasound waves at 4 stations, 
which were excluded from any further analysis. We inspected also 
the time windows for infrasound waves from the quarry blast but 
could not identify any clear acoustic signal on any station. Only 
at station A010A the time window of a tropospheric-guided infra-
sound signal from the quarry blast overlaps with the time window 
of a stratospheric-guided signal from the Baumgarten event, which 
is why that station was excluded.

4. Acoustic raypath modeling

The observed apparent velocities of the detected signals indi-
cate that the explosion signals are a seismo-acoustic phenomenon 
and predominantly propagated as infrasound. Hence we model the 
theoretical propagation of infrasound waves in order to verify our 
onset picks and to precisely determine the acoustic travel times 
as well as the highly asymmetric pattern of positive detections. 
For modeling the infrasound propagation we used the GeoAc ray-
tracing suite that is described in detail by Blom and Waxler (2012)
and Blom (2013). We extracted the required atmospheric param-
eters (wind speed, wind direction, temperature, etc.) from an 
hourly updated forecast model provided by the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF). We compared 
the forecast-model to data from a weather-balloon measurement 
that has been conducted on the same day. That comparison is 
presented and discussed in the online-supplement of this paper. 
The state of the atmosphere on the day of the explosion changed 
quickly because of an approaching cold front. For this reason, data 
from the forecast model at the actual time of the explosion were 
preferred to radiosonde observations, which are only available at 0 
and 12 UTC.

Output from the ECMWF model (cycle 43r3) was retrieved for 
08:00 UTC on a latitude–longitude grid with 0.125◦ resolution. Ver-
tical atmospheric profiles for the 0–78 km altitude range have 
been produced from the original 137 model levels for the clos-
est grid-point to Baumgarten (Lat, Lon = 48.375, 16.875, in a 
distance of 6.4 km), which were used to perform 3D raytracing 
in a stratified atmospheric medium. Since for our network exten-
sion of 180 km no thermospheric arrivals are expected, we did 
not extend the ECMWF model to higher altitudes. From the atmo-
spheric parameters a 3D effective sound speed model is derived, 
which is highly anisotropic due to the wind direction. Fig. 3a and b 
show the atmospheric parameters and the effective sound speed 
model depending on the propagation azimuth. Fig. 3c–e show 
raytracing results for three different propagation azimuths, rep-
resenting three characteristic cases. Raytracing towards western 
directions (Fig. 3c) yields no ray that bends back to the surface 
within a distance of 200 km. Consequently, from the ray tracing 
approximation no observation is expected in western directions 
for this distance range. Raytracing towards northern directions 
shows a tropospheric waveguide in the lower 5 km that guides 
the waves to large distances (Fig. 3d). However, no stratospheric 
phase is expected within 200 km towards North. Towards East tro-
pospheric and stratospheric waveguides are present. Thus towards 
East both faster and slower phase arrivals are expected. In order to 
model the spatial bounce-point distribution we performed raytrac-
ing from the source allowing for five surface reflections (bounces) 
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Fig. 4. Selected seismo-acoustic records of the Baumgarten gas explosion (2–4 Hz bandpass-filtered vertical components scaled to individual maximum amplitude). The 
red line marks the origin time of the gas explosion inferred from ray modeling (see Section 4). Colors highlight the time windows for the arrivals based on the celerity 
ranges: green for the first (tropospheric-guided) acoustic phase and blue for the second (stratospheric-guided) acoustic phase. The distance increment along the y-axis is not 
constant.
for take-off angles ranging from 0◦ to 50◦ (step size 0.5◦) and for 
azimuths ranging from −179◦ to 180◦ (step size 1◦). GeoAc al-
lows for computation of rays between two specific points, so-called 
eigenrays. In order to derive the theoretical traveltime of an infra-
sound signal from Baumgarten to all individual stations where a 
signal is predicted, we computed all existent eigenrays between 
Baumgarten and the station locations and attributed them to tro-
pospheric or stratospheric-guided phases. Moreover GeoAc pro-
vides amplitudes based on geometrical spreading and frequency-
dependent intrinsic attenuation, which is scaled by a tweak pa-
rameter. We used the default parameters (frequency = 0.1 Hz and 
tweak parameter 0.3) for our modeling.

5. Results

5.1. Detections and non-detections of the gas explosion

Due to the highly anisotropic effective sound speeds the prop-
agation of infrasound strongly depends on the azimuth. We mod-
eled the propagation of infrasound from the Baumgarten gas hub 
by ray tracing, taking into account an appropriate atmospheric 
model, as described in section 4. Figs. 3c–e show the calculated 
raypaths and surface bounce distances for various azimuths. The 
points where the infrasound rays bounce at the surface are plotted 
on the map in Fig. 5.
Signals from two different celerity ranges have been detected 
at the stations. The station symbols are color-coded indicating 
whether a signal from the gas explosion was detected in the faster 
or the slower celerity range. Green and bluish station symbols indi-
cate phase arrivals from celerities ranging from 318 m/s to 346 m/s 
and those with celerities ranging from 275 m/s to 310 m/s cor-
responding to waves guided in the troposphere and stratosphere, 
respectively. The violet station symbols indicate a detection of both 
phases. Black station symbols indicate non-detections and for sta-
tions labeled with grey colors a seismic signal from the quarry 
blast event is detected in the time interval of the celerity ranges, 
which is why those stations are discarded for further processing. 
The celerity ranges have been deduced with respect to the origin 
time (7:44:16.2 UTC, determination described in the next section). 
In principle, the thermosphere could act as third wave guide for 
acoustic waves, which can be observed on infrasound arrays (see 
e.g. Ceranna et al., 2009). Yet, due to low particle density and non-
linear dissipation in the upper atmosphere, amplitudes are strongly 
attenuated within this wave guide (Sutherland and Bass, 2006). 
Moreover, the lateral offsets of the closest bounce points are usu-
ally larger than 300 km, which is more than the aperture of the 
considered station network. Thus we do not expect to detect any 
thermospheric phase with our network.

The pattern of detections and non-detections very well matches 
the bounce-point distribution. There are no surface-bounce points 
towards western directions (azimuth range 200◦–335◦). Except 
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Fig. 5. Map of the seismic stations (triangles) in the wider Vienna region used for this study, and the location of the Baumgarten gas explosion. Station symbols indicate the 
type of acoustic observations at the stations, to be compared with modeled ray surface bounce points (green/blue dots) and their celerity (distance/travel-time). For station 
names see Fig. 1.

Fig. 6. a) Duration of the continued infrasound signal at the three stations A333A, A001A, and A269A. b) Above: Seismic record, showing normalized amplitudes (A/Amax ) 
of the Z-component of station A001A. Below: Spectrogram of station A001A showing the duration and frequency content of the continued signal after the seismo-acoustic 
arrival of the main blast. At this station the extended coda signal is visible on a broad frequency range (2–20 Hz) between 7.78 h and 8.1 h.
for two stations (A006A and A013A) no station in this azimuth 
range shows a detection. Towards northern and southern direc-
tions (335◦–25◦ and 160◦–200◦) waves are only guided within 
the tropospheric waveguide. In northern directions tropospheric 
phases are observed in large distances (>150 km), which is in 
agreement with the modeling. Stratospheric guided waves are ob-
served and modeled in eastern directions (25◦–160◦) in large dis-
tances. An observed shadow-zone at stations A337A and A339A 
in an intermediate distance range and south-eastern directions 
(120◦–180◦) is in agreement with the bounce-point distribution 
from the modeling. The good agreement between observation and 
modeling confirms the applicability of the atmospheric model and 
explains the observed pattern. However, some deviations are visi-
ble. For stations A331A and A335A we observe two arrivals, where 
the modeling only predicts a single tropospheric guided wave and 
the range of stratospheric refractions start at distances 10 to 15 
km further to the East. At stations MPLH and A268A south-east of 
Baumgarten also stratospheric phases are detected although their 
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Fig. 7. Particle motion of acoustic (white lines) and seismic (red lines) signals on the horizontal components. Time windows have been selected around the maximum 
amplitude on the vertical components. Acoustic signals are filtered in the 2–4 Hz and seismic signals in the 0.6–1 Hz frequency bands. Amplitudes are normalized to the 
maximum amplitude in the horizontal plane.

Fig. 8. Seismic signals of the gas explosion on stations A001A (a), A002B (b) and MODS (c). Upper panels: Seismic signal on E, N and Z components filtered in the 0.6–1 Hz, 
frequency band. At stations A001A and MODS, the Z-component filtered in the 2–20 Hz frequency band shows the later acoustic signal. Dashed lines mark the windows used 
for the particle motion plot, which have been chosen around the maximum of the envelope of the Z-component (blue-line). The red line indicates the origin time of the gas 
explosion. Travel-times are derived from the origin time and the maximum of the envelope on the Z-component (blue line). Bottom panels: Particle motion in the R–T (left) 
and Z–R planes (right). Color represents time (bright = earlier in time, dark = later in time) and indicates a retrograde particle motion.
locations are situated 10 to 15 km West of the modeled area of 
stratospheric bounce-points. Those stratospheric detections can be 
explained by deviations of the ECMWF model to the true atmo-
sphere (see Discussion). Potential tropospheric phases that do not 
match the bounce-point pattern have been detected at two sta-
tions west of Baumgarten (A006A and A013A).

5.2. Origin time of the explosion

We determined the origin-time of the gas explosion from the 
acoustic signal by only using stations that show a clear signal in 
the data and for which the ray tracing predicts an arrival time 
of the observed tropospheric or stratospheric phase. Fig. 9 illus-
trates the source time determination. In total 23 stations have been 
used, from which 16 stations show clear phases guided within the 
troposphere and 7 stations show clear phases guided within the 
stratosphere. In the first column of Table 1 all used stations are 
listed. In the table the tropospheric and stratospheric detections 
used for the origin-time estimation are grouped (upper 16 stations 
and lower 7 stations, respectively). The second column shows the 
absolute arrival times corresponding to the dashed lines in Fig. 9. 
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Fig. 9. Illustration of the source-time determination. Seismo-acoustic records from stations reached by modeled rays are shown. Colors highlight the time windows for the 
arrivals: green for the first (tropospheric-guided) acoustic phase and blue for the second (stratospheric-guided) acoustic phase. The predicted travel-time field is subtracted 
from observed first arrivals, to yield individual sources time estimates, shown by red lines. The best estimate of source time is given by their average. Predicted arrival times 
for the tropospheric and stratospheric arrivals are also shown.
For each station, the theoretical travel time has been calculated 
using the ray tracing procedure described in section 4, which is 
listed in the third column of Table 1. The estimated origin time, 
listed in the fourth column for each station is derived by sub-
tracting the theoretical travel time from the observed arrival time. 
Averaging the estimated origin time over all stations yields the 
origin time 7:44:16.2 ± 1 s (UTC). Theoretical and observed celer-
ities are calculated taking into account the mean origin time and 
the theoretical and observed arrival times, respectively. The result-
ing celerities for the tropospheric phases range from 318 m/s to 
347 m/s, while the celerities from the stratospheric phases range 
from 274 m/s to 307 m/s, which are in reasonable ranges (Ceranna 
et al., 2009).

6. Discussion

Identifying the seismo-acoustic wave packet has not been diffi-
cult. Yet the details of the waveforms are complex, and not partic-
ularly similar from station to station (see supplementary Fig. S3). 
Amplitudes and signal shape are strongly affected by the atmo-
spheric duct, which is highly anisotropic and allows for multi-
pathing for some directions. As shown in Fig. 3d) and e) multi-
pathing also occurs within the tropospheric wave guide in Eastern 
directions, which can complicate the detected signal due to mul-
tiple phase arrivals. We manually picked only the first onsets of 
each tropospheric and/or stratospheric signal and considered al-
ways the earliest theoretical arrival of the respective phase from 
the modeling. Moreover, waveforms are complex due to local cou-
pling conditions at the stations. Most seismic stations used in this 
study were not installed inside a dedicated vault, but rather in 
basements of more exposed structures such as houses or huts. 
Fuchs et al. (2015, 2016), Vecsey et al. (2017) and Gráczer et al. 
(2018) provide a detailed description of seismic vault selection and 
isolation measures for the majority of the temporary seismic sta-
tions used in this study.

Since the seismic sensors are detecting ground motions and not 
directly air-pressure perturbations, the air-to-ground coupling is an 
important component to be considered. With acoustic wavelengths 
of tens to hundreds of meter topographic features may enhance 
or suppress air-to-ground coupling, resulting in hybrid ray-paths, 
traveling through air and ground. Nevertheless, the particle mo-
tion showed a general radial polarization for the seismo-acoustic 
arrivals (see Fig. 7). This indicates that the acoustic wave couples 
into the ground locally at the station, rather than being transmit-
ted to the ground at exposed locations and then being transmitted 
on pure seismic paths to the stations. In this scenario, it would 
have been expected that particle motions had pointed towards 
local coupling spots. Thus, travel times can be derived for the ob-
served phases by purely acoustic modeling.

Signals from gas explosions have been detected by seismome-
ters already before (Koper et al., 2003; Evers et al., 2007). In those 
studies, the observed apparent velocities of 345–355 m/s on seis-
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Table 1
Table of hand-picked absolute observed arrival times, theoretical travel times from raytracing and the resulting origin 
time. All absolute times are given in UTC.

Station 
code

Observed 
arrival

Theoretical 
travel time 
(s)

Estimated 
origin

Deviation 
from mean 
(s)

Theoretical 
celerity 
(m/s)

Observed 
celerity 
(m/s)

MODS 7:45:47.7 91.4 7:44:16.4 0.2 333.9 333.2
A333A 7:46:39.0 139.3 7:44:19.7 3.5 341.3 332.9
A001A 7:46:54.7 153.5 7:44:21.2 5.0 328.8 318.3
A003A 7:47:24.8 189.7 7:44:15.1 −1.04 334.0 335.8
A334A 7:47:30.3 193.6 7:44:16.7 0.5 347.5 346.5
A337A 7:47:37.5 199.9 7:44:17.5 1.4 341.9 339.6
JAL 7:47:52.0 214.1 7:44:17.9 1.7 346.4 343.6
POD 7:47:56.9 219.8 7:44:17.2 1.0 337.5 335.9
BAN 7:48:02.3 228.8 7:44:13.5 −2.7 340.0 344.0
JAVC 7:48:23.3 246.8 7:44:16.5 0.34 341.3 340.8
A335A 7:49:32.4 319.7 7:44:12.7 −3.5 341.5 345.3
A260A 7:49:58.3 346.6 7:44:11.7 −4.5 333.2 337.6
A331A 7:50:54.4 402.3 7:44:12.1 −4.0 337.2 340.7
A085A 7:51:11.8 413.3 7:44:18.5 2.3 325.3 323.5
MUVC 7:52:42.3 505.6 7:44:16.7 0.5 331.6 331.3
LIPC 7:52:51.4 515.4 7:44:16.0 −0.2 330.6 330.7

A338A 7:51:13.8 418.1 7:44:15.7 −0.5 274.8 275.1
A332A 7:51:33.4 436.1 7:44:17.3 1.11 296.4 295.7
SRO 7:51:32.9 437.3 7:44:15.6 −0.6 276.4 276.8
VYHS 7:52:13.7 477.6 7:44:16.1 −0.08 306.8 306.9
A269A 7:52:18.7 480.8 7:44:17.9 1.8 281.7 280.6
CSKK 7:53:03.4 530.1 7:44:13.3 −2.9 279.7 281.2
A270A 7:53:28.4 551.7 7:44:16.7 0.5 304.6 304.4

Standard deviation: 2.3 s
Error of mean: 0.5 s

Mean origin time: 07:44:16.15 ± 0.5 s
mometers in distances of less than 80 km have been interpreted 
as being the expression of air-coupled Rayleigh waves. In contrast, 
in our study, successful modeling of the spatial detection/non-
detection-pattern proves at least for the Baumgarten incident that 
acoustic waves in the atmosphere are responsible for the propaga-
tion of energy between the source and seismic receivers.

The agreement between the observed and predicted spatial pat-
terns of observations is quite striking, especially since little local 
meteorological information has been used. The balloon data and 
the ECMWF model differ in the level of detail they provide (see 
Supplementary Section). Smoothed forecast models (as used in 
this study) may underpredict the intensity of tropospheric waves 
since contrasts in reality might be sharper, as evidenced by the 
balloon data. However, this did not cause any larger observation-
to-model discrepancies for this study. It might still explain some 
of the positive detections of the slower acoustic phase that have 
been observed at stations located a few kilometers west of the 
modeled bounce-point distribution for stratospheric guided waves: 
Even if the atmospheric models from ECMWF have been found 
to be broadly consistent with wind radiosonde measurements up 
to altitudes of 40 km (Le Pichon et al., 2015), the specific local 
weather conditions at Baumgarten at the day of the explosion 
yield for altitudes exceeding 24 km larger deviations from the 
ECMWF data (see supplementary Fig. S4). Thus raypaths of strato-
spheric phases are possibly affected by those deviations. Measured 
data are only available up to 32 km altitude. The modeled turn-
ing heights for the closest bounce-points of stratospheric phases 
are in the 35–40 km range, where the two models can not be 
compared directly. However, high zonal winds at 30–32 km cause 
the stratospheric inversion of the effective sound speed to be at 
shallower altitudes for the measured data. If this tendency con-
tinued to higher altitudes the shallower inversion would turn the 
rays back to the surface at closer locations to Baumgarten than 
those modeled from the ECMWF model, which would explain the 
detections of stratospheric phases at closer locations. Additionally, 
deviations of the real effective sound speed can be imprinted by 
gravity waves which can change the atmospheric duct dynamically 
(Pilger et al., 2013; Hedlin and Drob, 2014), which is not taken into 
account in this study.

This study may have been fortuitous in that a cold front has 
passed just before the accident, creating meteorological conditions 
that are particularly favorable for recording acoustic waves over a 
large range of distances. Still, even under less favorable conditions, 
the high data density provided by the AlpArray network makes it 
appear very likely that the event would have been recorded in any 
case, although perhaps only via stratospheric arrivals.

The observations have provided useful information on the 
Baumgarten accident, namely the origin time, and the potential 
duration of the burning. The origin time of 7:44:16.2 ± 1 s (UTC) 
was determined by taking into account the observations at 23 
receivers. The uncertainty is derived by the scatter of the ori-
gin times at the individual stations (see Fig. 9 and supplementary 
Fig. S3). A standard deviation of 2.3 s yields a standard error (er-
ror of the mean) of 0.5 s (see Table 1). However, this uncertainty 
does not take into account any systematic errors due to deviations 
of the atmospheric model.

The extended coda signal is observed only on three stations 
with high signal-to-noise ratio. A clear cut-off of this signal is only 
observed at one station (A001A), where the signal is recorded in 
a broad frequency range (1–20 Hz) for 19 min. This is in agree-
ment with eyewitness reports testifying a duration of the fire of 
15–20 min. Continuous acoustic signals created by large fires have 
been observed on infrasound stations before (Arrowsmith et al., 
2012), confirming the potential of large fires to be observed acous-
tically. Koper et al. (2003) reported on the observation of gas-flow 
and fire, which both apparently generated acoustic signals. Their 
distinct onset times allowed them to be separated and after the 
first sharp pulses the fire also created a strong and lasting in-
frasound signal. At the Baumgarten incident we are not able to 
resolve two separate events, which may indicate that the ignition 
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of the gas happened essentially at the same time as the release of 
the gas.

The seismic signal that we have observed is most prominent in 
the 0.6–1 Hz frequency band. It shows radial polarization and ret-
rograde particle motion (see Figs. 7 and 8). Thus it is most likely 
a regional Rayleigh wave phase (Rg) which is guided in the up-
permost layer of the crust. We observe a large scatter of very 
small group velocities of around 500 to 800 m/s. Rg-phases are 
known to have large regional variations (Koper et al., 2003). In 
sedimentary basins, short-period crustal Rayleigh waves can have 
quite slow group velocities. Chung and Yeh (1997) observed group 
velocities from earthquakes filtered in the same frequency range 
(0.6–1 Hz) ranging from 650 to 900 m/s in distance ranges from 
20–50 km, which is comparable to the distance and velocity ranges 
that we observe and which is explained by the presence of a shal-
low alluvial sedimentary layer. However, since we do not have 
access to a shallow velocity model for the region around Baum-
garten, we so far can not use the observed seismic signal to reveal 
any more information about the event.

7. Conclusion

We have presented seismo-acoustic observations from the 
Baumgarten accident in Austria. The strong acoustic waves that 
have been generated by the explosion have been observed to dis-
tances of up to more than 150 km, mainly on seismic stations of 
the AlpArray. Modeling of the infrasound wave propagation has al-
lowed to interpret the observations: the waves have propagated 
along acoustic ducts in the troposphere and the stratosphere. The 
good fit between observed and modeled patterns of infrasound 
detections has allowed to determine a precise (within one sec-
ond) and independent origin time of the accident, as well as the 
duration of the protracted period of gas release and fire. Clearly, 
seismological recordings of infrasound can be rather useful for 
forensic investigations. Moreover, it is demonstrated that dense 
seismic networks as the AlpArray can map the infrasound field 
with high spatial resolution. As described by Chunchuzov et al. 
(2014) and Hedlin and Drob (2014) this could be further utilized, 
e.g., to infer unresolved dynamical properties of the atmosphere 
and thus for improving meteorological models by seismological 
observations.

8. Data availability

This study is based on seismic waveform data from the tem-
porary AlpArray network (code Z3) and several permanent and 
temporary local seismic networks in central Europe (codes OE, CZ, 
HU, SK, M1 and D1). By decision of the AlpArray network oper-
ators data from the Z3 network is not publicly available at the 
time of publication. Please see the project homepage for details 
on data access: www.alparray.ethz .ch (last accessed March 2018). 
Waveform data from the permanent seismic networks with codes 
OE, CZ, HU, SK and M1 is freely available at the European In-
tegrated Data Archive (EIDA): www.orfeus -eu .org /data /eida (last 
accessed March 2018). Data from the small-scale network D1 is 
available upon request (doi:10 .7914 /SN /D1). Stations JAL, POD and 
BAN are part of the CzechGeo-MKnet and data are available upon 
request at www.irsm .cas .cz /index _en .php ?page =mknet _en (last ac-
cessed March 2018).

Data from the weather balloon is freely available at the Univer-
sity of Wyoming: http://weather.uwyo .edu /upperair /sounding .html
(last accessed March 2018). The atmospheric model used for this 
study is the December 12, 2018, 08:00 UTC forecast model of the 
European Center for Medium Range Weatherforecast. The model is 
available at (www.ecmwf .int, last accessed March 2018).
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