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Jules Verne, 1864





Evidence for a Central Core

Oldham, R.D., J. Geol. 
Soc. London, 62, 456, 
1906



Rays without an IC

Rays with an IC

Lehmann, I., Publ. Bur. Cent. Seismol. Int. 
Ser, A., Trav. Sci. 14, 88, 1936

Interpretation of arrivals in the core “shadow zones”



Outline

Intro: seismic imaging of the 
Earth’s interior

Inner core structure

Inner core rotation and 
topography

Ambient noise seismology



Magnitude: 9.0

Date-Time: 
Friday, March 11, 2011 at 05:46:23 UTC
Friday, March 11, 2011 at 02:46:23 PM at 
epicenter

Location:
38.322°N, 142.369°E

Depth: 32 km (19.9 miles)

Distances:
130 km (81 miles) E (86°) from Sendai, Honshu, 
Japan
376 km (234 miles) NE (37°) from TOKYO, 
Japan

Images courtesy of the US Geological Survey

Magnitude 9.0 NEAR THE EAST COAST OF HONSHU, JAPAN
Friday,  March 11, 2011 at 05:46:23 UTC 



 Seismic rays travel in straight lines in a 
homogenous sphere. (Tarbuck and Lutgens)



 P and S wave paths through the Earth. No S waves 
through the core because outer core is liquid.





150 Global stations and arrays in 69 Nations   •   Cornerstone of the FDSN Backbone

GSN Coordination





Magnitude 9.0 NEAR THE EAST COAST OF HONSHU, JAPAN
Friday,  March 11, 2011 at 05:46:23 UTC 

Seismic waves recorded around the world.



Earth’s free 
oscillations 
excited by 2004 
Great Sumatra 
earthquake.



 P, S velocities and density through the depth of the Earth

PREM model



Major layers of Earth’s 
Interior: 

Crust

Upper mantle

Transition zone

Lower mantle

Outer core

Inner core

Inner inner core?



PKP ray paths, travel times, and synthetic seismograms



Poupinet et al., 
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Song and 
Helmberger, GRL, 
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Data variability and 3D model predictions

Sun and Song, PEPI, 2008



Evidence for an inner 
inner core

Sun and Song, EPSL, 2008



Cartoons of 
inner inner 
core and 
crystal 
alignments by 
mapping inner 
core 
anisotropy



Song and 
Richards, 
Nature, 1996



10-9 rad/s = 1.8 deg/yr



Glatzmaier and Roberts, Science, 1996





Song and Richards, Nature, 1996



Song and Richards, Nature, 1996



Poupinet, Frechet, and Ellsworth, JGR, 1984:

Monitoring velocity variations in the crust using earthquake 
doublets: an application to the Calaveras Fault, California.

Earthquake doublets



Schaff and Richards, Science, 2004

An example of earthquake doublets



Zhang et al., submitted 
to Science, 2005



South Sandwish Is. Doublets Recorded at College, AK





Song and Richards, 1996:

Slope=0.0109 +/- 0.0014 s/year

Measurements from doublets:

Slope=0.0090 +/- 0.0005 s/year





Installation:
Sensor: CMG-3T
Digitizer and recorder: Q330
Power: 2 solar panels, batteries,

and air cells





Cao, Masson, Romanowicz, PNAS, 2007

Wen, 
Science, 
2006



Examples of 
waveform 
doublets



A triplet from S. Sandwich Is. to Yellow 
Knife Array (YKA)

Song and Dai, 
GJI, 2008





Lobkis and Weaver, JASA, 2001

Weaver, Science, 2005



Noise field does not 
need to be fully diffuse 
to obtain accurate travel 
times!

Weaver et al., JASA, 2009



Surface wave 
tomography:
ambient noise + 
earthquake data





Strong gradient cause 
greater dispersion



Rayleigh group 
velocities (10 s)  
and sediment 
thickness

Rayleigh group 
velocities (30 s) 
and crustal 
thikcness

Zheng et al., G3, 2008; Sun et al., 
Earthq. Sci., 2010



Zheng et al., G3, 2008
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Royden et al., Science, 
2008



Clear time shifts in the coda (0.015% 
per day). The temporal shifts show 
show a strong seasonal influence, 
which are explained by 
precipitation and ground water 
level fluctuation. 

Merapi Vocano, Indonesia

Green function
between
GRW0 and
GRW1

Sens-Schonfelder and Wegler, 
GRL, 2006



Brenguier et al., Nature Geoscience, 2008

The Piton de la 
Fournaise volcano, La 
Reunion island. Green 
functions from ambient 
noise correlation show 
decrease prior to 
eruptions (of the order  
of 0.05%), which is 
explained by inflation of 
volcano edifices. 

Volcano monitoring and forcasting



Sumatra earthquakes:

2004/12/26  1: 1: 9.0, 3.09 
94.26 28.6, Mw = 9.0

2005/ 3/28   16:10:31.5, 1.67  
97.07 25.8, Mw = 8.6

2007/ 9/12 11:11:15.6, -3.78 
100.99 24.4, Mw = 8.5



Green functions from ambient noise correlation of 
PSI and CHTO stations (before and after 2004 and 
2005 events)



Travel time shifts as a function of time.



Temporal shifts for 2007 event



Precursors before 2004 events?




