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Ingolstadt explosion – Incident & dataset 

• Explosion on oil refinery site in the morning                   
(~ 3:11 UTC / 5:11 local time) of Sept. 1st 2018 
 

• The blast was audible in Ingolstadt (10 km distance) 
 

• Newspaper report broken doors & windows at       
more than 1 km distance 
 

• Hot petrol escaped through crack from highly 
pressurized reactor. Explosion above ground. 

[Map data: Google, GeoBasis-DE/BKG] 

[www.tagesschau.de] 

[THW Pfaffenhofen, www.paf-kick.de] 
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Ingolstadt explosion – Incident & dataset 

400 seismic broadband stations (temporary & permanent) operating within 400 km radius 

[Map data: Google, GeoBasis-DE/BKG] 

[www.tagesschau.de] 

[THW Pfaffenhofen, www.paf-kick.de] 



• Record section of all available data (vertical comp.) 
     (no pre-selection, 1-2 Hz bandpass, individual scale) 

 
 
 
 
 

• Seismic phases (P+S/Rg) clearly visible 
                       (Vp ~ 5.5 - 5.9 km/s         Vs ~ 3.5 km/s) 
 

•   Seismic amplitudes correspond to local Magnitude  
                        Ml = 2.0 (ISC bulletin, event 61268997717) 

 
 
 

• Three separate acoustic phases: 
 

  Distance  Celerity (= distance / travel time) 

Phase 1 10-200 km  310-340 m/s 
   
Phase 2 150-325 km  270-300 m/s 
 
Phase 3 250-350 km  240-260 m/s 

84 positive acoustic detections within 350 km distance 
(for SnR > 3) 



Ingolstadt explosion – Waveforms: seismic vs acoustic 
Seismic Acoustic 
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complex waveforms 
10-20s duration 

simple waveforms 
< 5 s duration 

sometimes more 
complicated 

ringing? 



Ingolstadt explosion – Waveforms: seismic vs acoustic – close-up 
Seismic 
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First motion is upwards (compressive) in all directions 
 

expected for isotropic explosive source 

Acoustic 



Ingolstadt explosion – Waveforms: seismic vs acoustic – close-up 
Seismic Acoustic 
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First motion is upwards (compressive) in all directions 
 

expected for isotropic explosive source 

some upward motion? 

some clear downward motion 

Seismo-acoustic coupling seems to obscure the first 
motion. Downward motion expected for pressure 

waves arriving from above? 



Ingolstadt explosion – Regional infrasound attenuation 

! Caution ! 

we measure 
ground motion, not 

air pressure 

(only for SnR > 3) 



Ingolstadt explosion – Regional infrasound attenuation 

approx. factor 10 / 100 km 

Within 200 km from the source  amplitudes are attenuated approx. one order of magnitude per 100 km 
Potentially allows insight into infrasound attenuation inside tropospheric ducts ? 

! Caution ! 

we measure 
ground motion, not 

air pressure 

(only for SnR > 3) 



Ingolstadt explosion – Spatial distribution of seismo-acoustic detections 

Note different color scale 
for each Phase 
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Ingolstadt explosion – Spatial distribution of seismo-acoustic detections 

Phase 1 observed mainly in 
directions NW – SW of explosion 

 
Several detection in narrow 

corridor towards N 

Note different color scale 
for each Phase 
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Ingolstadt explosion – Spatial distribution of seismo-acoustic detections 

Phase 1 observed mainly in 
directions NW – SW of explosion 

 
Several detection in narrow 

corridor towards N 

Phase 2 observed in N directions and  
W – SW of explosion 

 
Note the station gap towards NW and NE 

Note different color scale 
for each Phase 
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Ingolstadt explosion – Spatial distribution of seismo-acoustic detections 

Phase 1 observed mainly in 
directions NW – SW of explosion 

 
Several detection in narrow 

corridor towards N 

Phase 2 observed in N directions and  
W – SW of explosion 

 
Note the station gap towards NW and NE 

Phase 3 detected in wide azimuth 
range from N – SE 

 
Note station gap towards NW and NE 

Note different color scale 
for each Phase 
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Ingolstadt explosion – Spatial distribution of seismo-acoustic detections 
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Ingolstadt explosion – Spatial distribution of seismo-acoustic detections 

I 

Let‘s confirm this using 
3D acoustic raytracing!  

Ingredients: • GeoAc raytracing suite (3D) 
• ECMWF model for 03:00 UTC 
• NRLMSISE-00 and HWM14 

models for higher altitudes 
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Ingolstadt explosion – Acoustic raytracing results (GeoAc raytracing suite, Blom & Waxler 2012) 

Thermospheric arrivals 

shallow tropospheric arrivals 

SW of explosion (225°) 

SW of explosion (225°) (enlarged view) 

no stratospheric arrivals 



Color scale 
changed to  

celerity 

Ingolstadt explosion – Acoustic raytracing results (GeoAc raytracing suite, Blom & Waxler 2012) 
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Ingolstadt explosion – Acoustic raytracing results / Phase 1 Color scale 
changed to  

celerity 

Phase 1 = shallow tropospheric reflections with 
< 1 km turning height. Well reproduced, but: 

 
Corridor to N not captured 

Detections extend further to SW than modelled  

Reproducible with data 
from weather balloon 

Small scale variations 
not included in ECMWF 
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Ingolstadt explosion – Acoustic raytracing results / Phase 2 

Phase 2 = stratospheric reflections 
not at all reproduced by raytracing 

 
Measured celerities indicate that these are 

however stratospheric reflections 

Color scale 
changed to  

celerity 
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Ingolstadt explosion – Acoustic raytracing results / Phase 3 

Phase 3 = thermospheric reflections 
predicted by raytracing but: 

 
Detections N -> E somewhat offset (due to wind?) 
Change in celerity with distance is also observed 

Color scale 
changed to  

celerity 
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Ingolstadt explosion – Interpretation of modelling results 

Thermospheric reflections 
are rarely observed due to 

strong attenuation. 
 

This would be among the 
first large-scale seismo-

acoustic detection of 
thermospheric rays 

Long-range propagation 
of tropospheric rays 

reflected at very shallow 
(< 1 km) altitudes 

 
Such shallow heights are 

on the limit of reliability of 
the raytracing approach  

Narrow corridor of 
tropospheric and 

stratospheric rays potentially 
caused by small scale 

anomalies close to the 
explosion 

 
ECMWF and raytracing cannot 

account for this 
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Ingolstadt explosion – Absence of stratospheric reflections 

• Effective sound speed ratio:  if                                   stratospheric reflections are expected 
𝐶𝑒𝑓𝑓 (𝑠𝑡𝑟𝑎𝑡𝑜)

𝐶𝑒𝑓𝑓 (𝑔𝑟𝑜𝑢𝑛𝑑)
> 1 

z = 0 

z ~ 50 km 

z = 0 

z ~ 50 km 

Reflection No reflection 

𝐶𝑒𝑓𝑓 (𝑠𝑡𝑟𝑎𝑡𝑜)

𝐶𝑒𝑓𝑓 (𝑔𝑟𝑜𝑢𝑛𝑑)
> 1 

𝐶𝑒𝑓𝑓 (𝑠𝑡𝑟𝑎𝑡𝑜)

𝐶𝑒𝑓𝑓 (𝑔𝑟𝑜𝑢𝑛𝑑)
< 1 



Ingolstadt explosion – Absence of stratospheric reflections 

Maximum Ceff ratio for each grid point 

= stratospheric reflections expected 

= no stratospheric reflections expected 

      = measured stratospheric detections 
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• Effective sound speed ratio:  if                                   stratospheric reflections are expected 

      = wind direction 

𝐶𝑒𝑓𝑓 (𝑠𝑡𝑟𝑎𝑡𝑜)

𝐶𝑒𝑓𝑓 (𝑔𝑟𝑜𝑢𝑛𝑑)
> 1 

Why do we still see stratospheric arrivals? 



Ingolstadt gas explosion – summary 

• The AlpArray seismic network resolved the propagation of seismic and acoustic 
waves generated by the explosion in great spatial detail  

 

• Dense spatial sampling may allow insight into attenuation within tropospheric 
ducts (caveat: unknown seismo-acoustic coupling) 
 

• Small scale atmosphere variations likely had strong effects on infrasound 
propagation          wave-based modelling might be more appropriate 
 

• We now plan to equip all broadband seismic sensors with infrasound sensors 
 

What would you do with the data? We are open for collaboration! 



Ingolstadt explosion – Location: seismic vs acoustic 

use first onset times to locate the event via grid search (minimize travel time residuals between measured & expected arrivals) 

Seismic Acoustic 

= 10% variation ellipse   ( < 1km diameter for seismic & acoustic) 
            seismic and acoustic location are of similar quality 

Origin time (seismic & acoustic) = 03:11:45 UTC +/- 1s        (in agreement with ISC entry and ground truth video records) 









Ingolstadt explosion – Acoustic raytracing results 

Wind + Temperature from ECMWF 
(higher altitude extension not shown) 

Effective wind speed with 
respect to explosion site 

Long range tropospheric 
duct with very shallow 

( < 1 km) turning heights 

Thermospheric reflections 
from > 100 km altitude 

No stratospheric reflections 

GeoAc raytracing suite 
[Blom & Waxler, 2012] 

[Beware: this is based on 
Simplified 1D modelling] 


