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Motivation
• Consistent reports of felt and heard 
disturbances associated with the weeks-long 
stimulation of a 6-km-deep geothermal 
system in 2018 below the Otaniemi district of 
Espoo, Helsinki

• Thousands of induced earthquakes, none
exceeded threshold magnitude (Kwiatek et 
al., 2019; Galis et al., 2017)

• Nuisance effects of geo-energy projects on 
local communities may be considered in 
future legislation or permitting processes  
(discomfort maps)

SH-wave radiation pattern of the largest induced event, 
filled/open circles are 83 reported felt/heard disturbances

(Hillers et al., 2020)
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• Ground shaking and audible disturbances 
reports collected in ISUH questionnaires



Multi-physics HPC empowered SeisSol model

• Seismo-acoustic simulations of wave 
propagation in solid earth and 
atmosphere to assess the sensitivity 
of ground shaking and audible noise 
patterns to various parameters on the 
loudness of the synthetic waves at 
frequencies reaching the limit of 
human sound sensitivity

• Open, source high-order accurate 
ADER Discontinuous Galerkin 
method – SeisSol (www. seissol.org), 
enhanced by local time-stepping 
(Krenz et al., SC’21)

Unstructured tetrahedral spatially adaptive SeisSol mesh.
65 million elements including the air layer, 2.6 million elements 
without air.



Multi-physics HPC empowered SeisSol model

• Point source moment tensors
(Hillers et al., 2020)

• 3D setup, real topo-bathymetry

• Fully-coupled elastic (Earth) -
acoustic (air) model

• Loudness computed from pressure
perturbations in the acoustic layer

• Need to resolve at least 20Hz, 
preferably more, requires
supercomputing

Simulation resolving up to 25 Hz requiring 
30 node hours without air, 7000 node hours with air.



Source and path effects

4 sources:

● largest induced event, ML1.8
● strike + 90
● rake + 90
● dip + 90

3 velocity models:

● ST1 (2020): (Kwiatek, et al., 2019)
● ST1 (2021): (Leonhardt et al., 2021)
● Sisprobe, full waveform inversion, 

currently 1D (not published)
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Source and path effects
2 velocity models



Loudness Map

• loudness = peak pressure 
perturbation at 0.5m elevation within 
the acoustic layer

• good agreement with reported noise
disturbances

• we find (so far) that topography has 
little effect on nuisance patterns 
(peak loudness), focal mechanism is 
the largest controlling factor and 
velocity models modulate loudness 
pattern and amplitude



Summary

• 3D elastic-acoustic fully coupled wave
simulations to model the loudness of
small, induced earthquakes towards
discomfort assessment and mitigation

• parameter study reveals significant
source & path effects (but less so of
topography)

• Outlook: Higher frequency (higher
resolution simulations), e.g., required
for frequency weighted loudness maps
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Loudness Map – Outlook: Frequency Weighting

• Human hearing frequency 
dependent, low frequencies are 
quieter than expected, use frequency 
weighting (“A-weighting”)

• applying A-weighting (perceived
loudness) filter

• Simulation does not accurately
resolve very high frequencies, lower
frequencies get weighted down 

• Yellow area corresponds roughly to
finely refined zone in mesh


