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Environmental Seismology

Seismic (and acoustic) sensors continuously record signal from various natural processes, 
beyond impulsive events such as earthquakes.

Station NC.JAR, UCSC Arboretum

M4.3

M2.15 M2.56 M2.16

New datasets for other fields (e.g., ocean and atmospheric sciences), given advantages of 
seismic stations.
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Seismic instruments for ocean monitoring
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DAS ocean monitoring 

• Continuous monitoring with high resolution

• How ocean processes generate signals recorded by seismic sensors?

• How can seismic observations be related / converted into ocean variables?

e.g., Distributed Acoustic Sensing (DAS) with temporal and spatial resolution

e.g., strain directly caused by bottom pressure of ocean waves
e.g., primary microseism (period ~14 s) and secondary microseism (~7 s)

e.g., compare with co-located oceanographic data or ocean models
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Seismic station CI.JPLS

Oceanic NoiseHuman activity
Atmospheric Noise

𝑇 ≈ 14 s

𝑇 ≈ 7 s

** Example: Microseism from ocean waves

One-year data, 3-hr window for each PSD curve

High noise model

Low noise model

Secondary Microseism

Primary Microseism

Seismic Hum



GOES 14 Satellite Image

LouisianaTexas

Mississippi Alabama

Hurricane Isaac in August 2012

Gulf Coast



Hurricane Isaac in August 2012

First studied by 
Tanimoto & Valovcin (2015)

TA stations
Seismometers

Pressure sensors



TA.645A

ASOS

Wind tower

ASOS station

Automated Surface 
Observing Systems

Portable wind tower



Infrasound data for hurricane study

Continuous monitoring of the evolution of atmospheric quantities 
(e.g., wind speed, wind turbulence)

𝑝 ∝ 𝑢! ∝ 𝑈!
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1. Observation

2. Interdisciplinary modeling

3. Turbulent pressure spectrum from infrasound data

Seismoacoustic imprints of Hurricane Isaac in 2012 during landfall

Estimate turbulent dissipation rate 𝜀 from pressure spectrum

Large-eddy simulation (LES) of turbulent surface pressure
Quasi-static seismic modeling of elastic response under turbulent pressure

How atmospheric processes 
generate these observed signals?

How to relate these observations 
with atmospheric variables?



Channel Observation

LH[ZNE] Three-component seismic 
ground motion

LDO Barometric pressure

LDF Infrasound pressure

L: Long-period (1 Hz)

Seismic station with environmental sensors

B: Broadband (40 Hz)

Modified from Tytell et al. (2016)
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As hurricane passes the station ……
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LHZ

Teleseismic EQ Teleseismic EQ

Microseism

L: Long period channel
D: Pressure 

Low Pressure Center
(968 mb)

Vertical Displ.

(mbar)
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(μm)

Period: 2 – 20 sEyeEyewall Eyewall
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LDO

LDF
Infrasound

LHZ

Teleseismic EQ Teleseismic EQ

L: Long period (1 Hz sampling)
D: Pressure 

Low Pressure Center
(968 mb)

Vertical Displ.

(mbar)

(Pa)

(μm)

Period: 20 – 100 s

EyeEyewall Eyewall

As hurricane passes the station ……

Barometric Pressure
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Surface
Pressure

Seismic 
Vertical

Displacement

Ji & Dunham (2024)

Station dist. to 

storm center

Eye
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Wavelet spectrograms of infrasound & seismic data13
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Oceanic band

Atmospheric bandHigh coherence

High coherence indicates local quasi-static response

Oceanic band Atmospheric band Down
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Simplified illustration
Sorrells (1971) theory 
Pressure wave model

High coherence indicates local quasi-static response15

Oceanic band

Atmospheric bandHigh coherence



1. Observation

2. Interdisciplinary modeling

3. Turbulent pressure spectrum from infrasound data

Seismoacoustic imprints of Hurricane Isaac in 2012 during landfall

Estimate turbulent dissipation rate 𝜀 from pressure inertial subrange

Large-eddy simulation (LES) of turbulent surface pressure
Quasi-static seismic modeling of elastic response under turbulent pressure



Follow the framework in Tanimoto & Valovcin (2015): Decompose hurricane into independent sources

Dominant contribution to seismic power?

Seismic waves?

Quasi-static? 



Follow the framework in Tanimoto & Valovcin (2015): Decompose hurricane into independent sources
Dominant source is ~ km around the station (Ji & Dunham, 2024) 
Propagating waves from far regions are negligible, not as previously hypothesized

Consistent with
• Observed high coherence
• Shallow compliant sediments
• Quasi-static limit 𝜔𝑟

𝑐!"#!
≪ 1

Seismic response is “local”



Quasi-static seismic response

Modeling
(Surface field)

Observation
(Single point)

Vertical 
displacement

Static Green’s function
(laterally homogeneous)

Surface 
pressure

Transfer function
(i.e., linear estimator)

Horizontal wavenumber

Angular frequency

Elastic halfspace

Compliant sedimentsSpace-time 
conversion
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Interdisciplinary modeling

Static Elasticity

LES of Turbulence

Propagator 
matrix method

Cloud Model 1 (CM1)
Bryan & Fritsch (2002)

Gilbert & Backus (1966)

Earth’s surface

~ 5 km × 5 km
Surface pressure

Seismic vertical 
displacement

Hurricane center

1
R = 105 km

Atmosphere

Solid Earth

Hurricane 
boundary layer 1 km

Radiosonde
Dropsonde

600 m
Elastic structure

Small-domain
Local quasi-

static response
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~ 5 km

~ 25 m/s

Eddy size > Grid size: Numerically resolved
Eddy size < Grid size: Parameterized by subgrid model

Large eddy

Bryan et al. (2017), Chen et al. (2021)

(Pa)

LES of Hurricane Boundary Layer (HBL) on land

Large-Eddy Simulation (LES) of turbulent flow numerically solves 
the low-pass filtered Navier-Stokes equation, together with 
governing equations for pressure, temperature and moisture.
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~ 5 km

~ 25 m/s

Bryan et al. (2017), Chen et al. (2021)

(Pa)

LES of Hurricane Boundary Layer (HBL) on land21

Similar workflow has been applied for Mars InSight mission to 
estimate the noise level of seismometer (e.g., Murdoch et al. 2017).

However, ours marks the first terrestrial effort to compare data, 
albeit focuses on the hurricane boundary layer, instead of the 
general planetary boundary layer convections.
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Infrasound & seismic spectra

Infrasound data can be used for turbulent analysis.
Seismic signals originate from turbulence in the atmospheric band. 

Inertial subrange
Slope 7/3

M
ic

ro
se
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m

Atm. Band
Coh. > 0.75

Lo
w

 co
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re
nc

e
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Summary: Generation mechanisms of seismic ambient noise

Natural processes from ocean, atmosphere, …

Seismic noise sources 
(at Earth’s surface)

Local quasi-static response Dynamic seismic waves

<latexit sha1_base64="tucBVvWo+g14PZuaHKMC3+LcbX0=">AAACHXicbVBNSwMxEM3W7/pV9eglWIR6sOxKqR6LXjwqWBW6tWTT2TY0u1mSWbEs+0e8+Fe8eFDEgxfx35jWCn49CLy8N8PMvCCRwqDrvjuFqemZ2bn5heLi0vLKamlt/dyoVHNociWVvgyYASliaKJACZeJBhYFEi6CwdHIv7gGbYSKz3CYQDtivViEgjO0UqdUg6tM+BJCrPgRw34QZoPc512FX9+bfNdXEfQYRV+LXh938k6p7FbdMehf4k1ImUxw0im9+l3F0whi5JIZ0/LcBNsZ0yi4hLzopwYSxgesBy1LYxaBaWfj63K6bZUuDZW2L0Y6Vr93ZCwyZhgFtnK0svntjcT/vFaK4UE7E3GSIsT8c1CYSoqKjqKiXaGBoxxawrgWdlfK+0wzjjbQog3B+33yX3K+V/Xq1fpprdw4nMQxTzbJFqkQj+yTBjkmJ6RJOLkl9+SRPDl3zoPz7Lx8lhacSc8G+QHn7QNSrKNP</latexit>

ei(k·x→ωt)

Fourier mode

<latexit sha1_base64="tLJBUVZ8Ga0jMcJ3Gtd/KyafwYI=">AAACDnicbVDJSgNBEO2JW4xb1KOXxhDwFGZEosegF48RzAJJGHo6NUmTnoXuGjEM8wVe/BUvHhTx6tmbf2NnATXxQcHjvaruqufFUmi07S8rt7K6tr6R3yxsbe/s7hX3D5o6ShSHBo9kpNoe0yBFCA0UKKEdK2CBJ6Hlja4mfusOlBZReIvjGHoBG4TCF5yhkdximbtpF+Ee09mTWUa7UtIfFYTOMrdYsiv2FHSZOHNSInPU3eJntx/xJIAQuWRadxw7xl7KFAouISt0Ew0x4yM2gI6hIQtA99LpORktG6VP/UiZCpFO1d8TKQu0Hgee6QwYDvWiNxH/8zoJ+he9VIRxghDy2Ud+IilGdJIN7QsFHOXYEMaVMLtSPmSKcTQJFkwIzuLJy6R5WnGqlerNWal2OY8jT47IMTkhDjknNXJN6qRBOHkgT+SFvFqP1rP1Zr3PWnPWfOaQ/IH18Q1Di52H</latexit>

csource → cseis
<latexit sha1_base64="dyPpq1lm/zzJ0grb+3DKGiiTE6Y=">AAACEnicbVDJSgNBEO1xjXGLevTSGAS9hBmR6DHoxWMEs0AyDD2dStKkZ6G7RhKG+QYv/ooXD4p49eTNv7GzgJr4oODxXlV31fNjKTTa9pe1tLyyurae28hvbm3v7Bb29us6ShSHGo9kpJo+0yBFCDUUKKEZK2CBL6HhD67HfuMelBZReIejGNyA9ULRFZyhkbzCKffSNsIQ0+mTWUbbLI5VNKQ/DgidZV6haJfsCegicWakSGaoeoXPdifiSQAhcsm0bjl2jG7KFAouIcu3Ew0x4wPWg5ahIQtAu+nkpIweG6VDu5EyFSKdqL8nUhZoPQp80xkw7Ot5byz+57US7F66qQjjBCHk04+6iaQY0XE+tCMUcJQjQxhXwuxKeZ8pxtGkmDchOPMnL5L6Wckpl8q358XK1SyOHDkkR+SEOOSCVMgNqZIa4eSBPJEX8mo9Ws/Wm/U+bV2yZjMH5A+sj2/EdJ9x</latexit>csource → cseis

Turbulent imprints
Ocean wave imprints on OBS …

Microseism, seismic hum
Background free oscillations …

23



1. Observation

2. Interdisciplinary modeling

3. Turbulent pressure spectrum from infrasound data

Seismoacoustic imprints of Hurricane Isaac in 2012 during landfall

Estimate turbulent dissipation rate 𝜀 from pressure spectrum

Large-eddy simulation (LES) of turbulent surface pressure
Quasi-static seismic modeling of elastic response under turbulent pressure



Wall shear stress of a channel flow

** Wall stress / pressure of turbulent boundary layers

Turbulent boundary layer

𝑈!

0.6	𝑈!

𝑈! = 18 𝑈" ≈ 11

Log-wind profile

Velocity is zero at the wall, but wall stress / pressure advects with 𝑈" (advective velocity)
Theoretical and experimental studies show 𝑈" ≈ 0.6	𝑈# with free-stream velocity 𝑈#
Assuming a log-wind profile, 𝑈" can further be related to 𝑈$#	& at a specific height
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Turbulent wind spectrum from tower data
Inertial subrange

5/3

Streamwise velocity PSD

Streamwise structure function
2/3

Dissipation rate 𝜺 is a key parameter describing the 
turbulence statistic and contributes to an important 
energy source for hurricanes.
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Turbulent pressure spectrum from infrasound data

Time when 𝑈$%	' > 10 m/s

Pressure PSD

Pressure structure function

7/3

4/3

The 7/3 slope is turbulence-turbulence interaction or 
“slow-term” contribution (George et al. 1984)

Assume 𝑈( ≈ 1.6	𝑈$%	'
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Continuous monitoring of hurricane landfall
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Fluctuation: 𝑝)*! ∝ 𝑢)*!+

Turbulent intensity: 𝑢)*! ∝ 𝑈
Fit wind model: 𝑈$%	' = 𝑈 𝑟

ERA5 reanalysis has a wider radius 
of the hurricane eye. 

𝑂(0.1	m+/s,) dissipation rate
Interpreted as 𝜀 for height ~ 100 m

Wind model not accounted for 
diurnal cycles (daytime convection)
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Turbulent dissipation rate 
during hurricane landfall

Min. Dist. 4 km

Min. Dist. 130 km

Fang et al. (2023)
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Estimation of 𝜀 from pressure uses advective 
velocity 𝑈(. The result is interpreted as local 
𝜀 at height where wind speed is 𝑈(.

Outliers of low 𝜀 at high wind speed is due 
to using the fit wind model not including a 
transient drop in wind.

Infrasound data can provide a lower bound 
of 𝜀 of the surface layer.



Potential for monitoring general atmospheric conditions30
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Diurnal cycles shown in pressure spectral amplitude

Diurnal variation in turbulence in response to solar heating (Stull, 1988)

31



Surprise #1: Seismic stations record in-situ data of Hurricane Issac after landfall

Surprise #2: Turbulence explains the seismoacoustic signatures (in the atm. band)

Interdisciplinary modeling framework to explain observations

Distinct seismic ground motion contributed by ocean and atmosphere

Surprise #3: Potential of seismic stations for environmental monitoring

Station networks with years of continuous data




