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How to monitor the 
subsurface?  

*with high temporal and spatial resolution 



Geodetic Monitoring of the Subsurface
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Geodetic Monitoring of the Subsurface
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per color cycle 



Subsurface monitoring 
with ambient noise 
cross-correlation  



Subsurface monitoring 
with ambient  data 
cross-correlation  

I frequently hear music in the heart of noise.


- George Gershwin  



Ambient Noise Cross-Correlation
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Ambient Noise Cross-Correlation
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Seismic Velocity Change, dv/v
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Seismic Velocity Change, dv/v
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Low Velocity 

Clarke et al., 2011 
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Seismic Velocity Change, dv/v
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Ambient Noise Cross-Correlation
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17 Years 

Daily Cross- 
Correlation 

Clements and Denolle, 2018 
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Coda Wave Interferometry

Obermann and Hillers, 2019
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Coda Wave Interferometry
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dv/v: Change in Seismic Velocity


Sens-Schonfelder and Wegler, 2006 19

dv/v % 
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Groundwater level          dv/v 

Merapi Volcano,  Indonesia  



Seismic Velocity Change: dv/v
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Seismic Velocity Change: dv/v
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Seismic Velocity Change: dv/v
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Strong-Motion Response                   Drought 



Monitoring Drought: San Gabriel Valley, CA
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Water levels fall 
~20m from 
2011 - 2016 

Seismometers 

Wells  



Monitoring Drought: San Gabriel Valley, CA
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Cross-section of the San Gabriel Basin 

Clements and Denolle, 2018 



Monitoring Drought: San Gabriel Basin, CA

Surface wave frequency-depth sensitivity 

Clements and Denolle, 2018 



dv/v: San Gabriel Basin, CA


2002 Drought 2007-2009 Drought 2011-2016 Drought 

2005 Rain Event 2010 Recovery 
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dv/v: San Gabriel Basin Winter 2005
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Groundwater levels increase 16 m in 5 months! 



dv/v: San Gabriel Valley Basin 2005


InSAR 
+ 

GPS 

King et al., 2007 

1 m of rainfall in Los Angeles 
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dv/v: San Gabriel Basin, CA
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Groundwater levels fall 20 m in 5 years! 



dv/v: San Gabriel Valley, CA
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dv/v (%) 



dv/v: San Gabriel Valley, CA
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Predictions 
(dv/v)

Observations 
(interpolated 

wells)

VW = 0.48 km3

Volume loss

VW = 0.45-0.5 
km3

Volume pumped



Seismic Velocity Change: dv/v
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Strong-Motion Response                   Drought 



Brenguier et al., 2008 

Monitoring Seismic Hazards
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Mw 6.0
Parkfield
Earthquake

dv/v is observed to be ~ -1% after earthquakes

Mw 6.5
San Simeon
Earthquake



Monitoring Seismic Hazards
2011 
Tohoku 
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Geodetic dv/v 



Monitoring Seismic Hazards
2011 
Tohoku 
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Geodetic dv/v 



Monitoring Seismic Hazards
2011 
Tohoku 
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Geodetic 

2011 
Tohoku 

Kanto Basin



Monitoring Seismic Hazards: Strong Shaking
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Monitoring Seismic Hazards: Strong Shaking
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Monitoring Seismic Hazards: Strong Shaking
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Monitoring Seismic Hazards

Viens, Denolle, et al., 2018 40

12% of sites are 
“too” decoherent
              ↓
Structural change





Monitoring Seismic Hazards
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12% of sites are 
“too” decoherent
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Decoherence
and resettling 
of subsurface



Monitoring the subsurface with Seismic Noise
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3.  4D 
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Monitoring the subsurface with Seismic Noise
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Monitoring the subsurface with Seismic Noise
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dv/v: Groundwater monitoring in Southern California 
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Static Noise Tomography
62 stations - 1 month

 Shapiro et al., 2005 

4D Noise Monitoring
250+ stations - 20 years



dv/v: Groundwater monitoring in Southern California 
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Static Noise Tomography
62 stations - 1 month

 Shapiro et al., 2005 

4D Noise Monitoring
250+ stations - 20 years



Data Download on the Cloud



Data Download on the Cloud

100+ TB
Data 

EC2 

Unlimited 
Compute 



Data Download on the Cloud

Waveforms
downloads are


10 - 100x


faster on cloud

Clements et al., in prep 

☁ 



What is needed to monitor with Seismic Noise?
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Long-term measurements 

→ Permanent installations

Denser instrumentation     

→ Dense station spacing, high sample rates

High-performance data sharing and computing

→ Cloud storage and processing



Thank you!


