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Fundamentals of Seismology
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A data-focused view
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Italy
23.08.2016
Magnitude 6.2
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Japan
11.03.2011
Magnitude 9.1
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Targets Data
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DataTargets
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Earthquakes Earth structure Environment
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Earthquakes | What is an earthquake?Earthquakes

Turkey / Syria 2023
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Earthquakes | What is an earthquake?Earthquakes

Turkey / Syria 2023

Strike-slip fault
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Earthquakes | What is an earthquake?Earthquakes
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Earthquakes | What is an earthquake?Earthquakes

TU Delft

Normal fault
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Earthquakes | Where do earthquakes occur?

wikipedia
Map of Earthquake Epicenters
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Earthquakes | Where do earthquakes occur?

Shearer (2009)

wikipedia

Thrust (reverse) fault

Map of Earthquake Epicenters
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Earthquakes | Where do earthquakes occur?
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Earthquakes | Where do earthquakes occur?

Shearer (2009)

wikipedia

Thrust (reverse) fault

Map of Earthquake Epicenters
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Earthquakes | What are some important characteristics?
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Earthquakes | Why do earthquakes cluster?

wikipedia
Map of Earthquake Epicenters
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Earthquakes | Why do earthquakes cluster?

wikipedia

Tectonic plates



24

Earth structure



25

Earth structure | What is it globally?

Core (inner)
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Core (outer)
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Earth structure | What is it globally?
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Earth structure | What is it globally?

Core (inner)

Mantle
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P-wave
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S-wave
velocity

Earthscope

Lithosphere (~100km)

Asthenosphere

Seismic Geodynamic
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Earth structure | What is it globally?
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Earth structure | What is it globally?
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Earth structure | What is it globally?

Noe et al. 2024
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Earth structure | What is it “locally”?

Vienna
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Earth structure | What is it “locally”?

Vienna
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Earth structure | What is it “locally”?

Schippkus et al. 2018

Vienna
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Environment | What other processes are seismic waves sensitive to?
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Environment | What other processes are seismic waves sensitive to?

Umlauft et al. 2021
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Environment | What other processes are seismic waves sensitive to?

Umlauft et al. 2021
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Environment | What other processes are seismic waves sensitive to?

Umlauft et al. 2021

Mao et al. 2022

Steinmann et al. 2021

Schippkus & Hadziioannou 2022
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Environment | What other processes are seismic waves sensitive to?

youtu.be/SxdaXGgoQW8

http://youtu.be/SxdaXGgoQW8
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Environment | What other processes are seismic waves sensitive to?

Svennevig et al. 2024
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Environment | What other processes are seismic waves sensitive to?

Svennevig et al. 2024
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Environment | What other processes are seismic waves sensitive to?
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Raw data Derived data

DataTargets



Targets
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Derived data

Data

Raw data
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Ground motions Satellite-based miscellaneous
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Ground motions
miscellaneous

Satellite-based
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Ground motionsGROUND MOTIONS | What is elastic ground motion?
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Ground motionsGROUND MOTIONS | What is elastic ground motion?

P-Waves S-waves

Body waves

youtube.com/@WolframResearch
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Ground motionsGROUND MOTIONS | What is elastic ground motion?

www.youtube.com/@atomcentral

Acoustic waves have only P-motion!
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Ground motionsGROUND MOTIONS | What is elastic ground motion?

Rayleigh waves Love waves

Surface waves

youtube.com/@WolframResearch
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GROUND MOTIONS | How does a seismometer work?

EarthScope
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GROUND MOTIONS | Are all seismometers the same?

EarthScope

GROUND MOTIONS
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GROUND MOTIONS | What do we actually record?GROUND MOTIONS

Ground motion
[m/s] or [m] or [m/s2]
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GROUND MOTIONS | What do we actually record?GROUND MOTIONS

Ground motion
[m/s] or [m] or [m/s2]

Sensor response
[m/s] -> [V]

Digitizer
[V] -> [counts]



58

GROUND MOTIONS | Do all seismograms contain all information?GROUND MOTIONS
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GROUND MOTIONS | Do all seismograms contain all information?GROUND MOTIONS
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GROUND MOTIONS | Do all seismograms contain all information?GROUND MOTIONS

Sampling rate: 1 Hz

Sampling rate: 0.1 Hz

0.05 Hz

Nyquist-Shannon-theorem
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GROUND MOTIONS | Are all seismometers the same?

Lindsey et al. 2020
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GROUND MOTIONS | Are all seismometers the same?

Lindsey et al. 2020

40 s 120 s Broadband
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GROUND MOTIONS | Are all seismometers the same?

Lindsey et al. 2020

40 s 120 s0.2 s (5 Hz) Broadband vs. Short-period
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GROUND MOTIONS | Are all seismometers the same?

Broadband vs. Short-period40 s 120 s0.2 s (5 Hz)

Lindsey et al. 2020



67

GROUND MOTIONS | Are single stations enough?

Stähler et al. 2021
NASA
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GROUND MOTIONS | How do we arrange multiple stations?
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GROUND MOTIONS | How do we arrange multiple stations?

A single station allows to
measure arrival time, amplitude, 
polarisation (3C)

A network additionally allows to estimate 
location

An array (“antenna”) additionally allows to 
estimate arrival direction, apparent velocity 
and improve signal-to-noise ratio (SNR), 
separate coherent from incoherent parts of 
the signal, …

A question of scale!
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GROUND MOTIONS | What wavelengths and scales do we encounter?

0.01 s / 100 Hz 100 s / 0.01 Hz1 s / 1 Hz

Body waves
P-Waves
S-waves

Surface waves
Rayleigh waves

Love Waves

≈ 50 m

≈ 50 cm

≈ 500 km

≈ 500 km

≈ 5 km

≈ 1 km

approx. wavelengths (λ = v · T)
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GROUND MOTIONS | Is this the full ground motion?

Love waves Love waves

youtu.be/shorts/B-8H4GmSNO8 youtube.com/@WolframResearch

http://youtu.be/shorts/B-8H4GmSNO8
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The (full!) ground motion 𝑢 at a location 
close to a another location 𝑥 (𝑥 + 𝛿𝑥) is
𝑢(𝑥 + 𝛿𝑥) = 𝑢(𝑥) + 𝜖𝛿𝑥 + 𝜔𝛿𝑥

𝑢𝑧

𝑢𝑦

𝑢𝑥

GROUND MOTIONS | Is this the full ground motion?

Love waves
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𝑢𝑧

𝑢𝑦

𝑢𝑥 𝜔𝑥

𝜔𝑧

𝜔𝑦

The (full!) ground motion 𝑢 at a location 
close to a another location 𝑥 (𝑥 + 𝛿𝑥) is
𝑢(𝑥 + 𝛿𝑥) = 𝑢(𝑥) + 𝜖𝛿𝑥 + 𝜔𝛿𝑥

GROUND MOTIONS | Is this the full ground motion?
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GROUND MOTIONS | How does fibre-optic sensing work?

Zhan 2019
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GROUND MOTIONS | How does fibre-optic sensing work?

Zhan 2019

measures one(!) strain component
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GROUND MOTIONS | How does fibre-optic sensing work?

Zhan 2019

Baillet et al. 2025
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GROUND MOTIONS | A new flood of data?

Klaasen et al. 2023

1500 channels (8 m spacing) ≈ 1500 sensors
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GROUND MOTIONS | A new flood of data?

Klaasen et al. 2023

1500 channels (8 m spacing) ≈ 1500 sensors

ca. 200 sensors
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Satellite-based | What data is useful for seismology?
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Satellite-based | What data is useful for seismology?

Scott Marshall

GNSS - Global Navigation Satellite System (GPS, GLONASS, BDS, Galileo)



83

Satellite-based | What data is useful for seismology?

youtube.com/@SSTLTV

SAR - Synthetic Aperture Radar
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Satellite-based | What data is useful for seismology?

16cm spatial resolution!

youtube.com/@SSTLTV

SAR - Synthetic Aperture Radar
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Miscellaneous | What does environmental data look like?
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Miscellaneous | What does environmental data look like?

Sampling rate: ~0.0015 Hz (10 min interval)

Temperature - Air
Temperature - Soil
Wind speed, gusts, direction, …
Precipitation
Pressure
Humidity, Dew point
Soil moisture
…
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Miscellaneous | What does environmental data look like?

Schippkus et al. 2020
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Miscellaneous | What does environmental data look like?

Schippkus et al. 2020
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abstractions
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Wavefield Abstractions | What is a spectrum?

wikipedia
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Wavefield Abstractions | What is a spectrum?

Amplitude Spectrum
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Wavefield Abstractions | What is filtering?

Amplitude Spectrum
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Wavefield Abstractions | What is filtering?

bandpass filter 0.05 - 0.2Hz

Amplitude Spectrum
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Wavefield Abstractions | What is filtering?

“pre”-filter

Amplitude Spectrum
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Wavefield Abstractions | What is a spectrogram?

Schippkus et al. 2020
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Wavefield Abstractions | What other transforms exist?

Wavelet transform
(wavelet basis functions instead of sin/cos)

Steinmann et al. 2021
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Wavefield Abstractions | What other transforms exist?

Steinmann et al. 2021

Wavelet transform
(wavelet basis functions instead of sin/cos)

Wavenumber (k) transform
(Fourier transform in space)

Roux et al. 2016
and many more…
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Wavefield Abstractions | What is a seismic phase?
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Wavefield Abstractions | What is a seismic phase?
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Wavefield Abstractions | What is a seismic phase?
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Wavefield Abstractions | What is peak ground motion?
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Wavefield Abstractions | What is peak ground motion?

Münchmeyer 2023

Peak Ground Acceleration
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Earthquake metadataEarthquake MetadataEarthquake Metadata
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Earthquake metadataEarthquake Metadata | What is an earthquake catalog?Earthquake Metadata
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Earthquake Metadata | What is a source mechanism?

Strike-slip fault Normal fault Thrust (reverse) fault

Earthquake Metadata
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Earthquake metadataEarthquake Metadata | What other related data is important?
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Earthquake metadataEarthquake Metadata | What other related data is important?

wikipedia
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MiscellaneouS
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Miscellaneous | What is a correlation wavefield?
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Miscellaneous | What is a correlation wavefield?
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Miscellaneous | What is a correlation wavefield?

Cross-correlation
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Miscellaneous | What is a correlation wavefield?

Cross-correlation



115

Miscellaneous | What is a correlation wavefield?

Cross-correlation
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Miscellaneous | What is a correlation wavefield?

Schippkus et al. 2022
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Miscellaneous | What is a velocity model?

Noe et al. 2024
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Miscellaneous | What about velocity variations?

Brenguier et al. 2008
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Miscellaneous | What is InSAR?

NASA

youtube.com/@SSTLTV
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Miscellaneous | What is InSAR?

NASA/JPL-Caltech

youtube.com/@SSTLTV
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Raw data Derived data

DataTargets
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