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Overview of lecture:

1.

2.

Introduction/background

Ambient noise and surface wave tomography (MIT, 2005-2015)

- Traditional transmission tomography:
« combining ambient noise and earthquake data
« quantifying and correcting for uneven noise distribution
« azimuthal anisotropy
 radial anisotropy
- Eikonal tomography

- Adjoint tomography with ambient noise data
Interferometry of teleseismic body waves — concept

Imaging with multiples — just some thoughts ...



Figure 2.7-1: Seismograms recorded at a distance of 110°, showing surface waves.
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‘Surface and guided waves’: waves trapped in the shallow layers or a wave guide
(such as Love waves in the Earth, acoustic waves in the oceanic SOFAR, ....)
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Courtesy: Campillo (Cargese, 2011)



‘Surface and guided waves’: waves trapped in the shallow layers or a wave guide
(such as Love waves in the Earth, acoustic waves in the oceanic SOFAR, ....)
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Overview of lecture:

1.

2.

Introduction/background

Ambient noise and surface wave tomography (MIT, 2005-2015)
- Traditional transmission tomography:
« combining ambient noise and earthquake data
« quantifying and correcting for uneven noise distribution
« azimuthal anisotropy
 radial anisotropy

- Eikonal tomography
- Adjoint tomography with ambient noise data
Interferometry of teleseismic body waves

Imaging with multiples



Traditional Approach to lomography

DATA (Massive Sensor Networks;
Signal from Earthquakes)

ballistic (source-to-receiver) wave
propagation

Tomography

(Asymptotic or Full-Wave)
(Body waves, surface waves)

3-D Velocity Model that
best explains data




Lebedev and Van der Hilst (GJI, 2008)
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Examples from traditional surface wave tomography
with earthquake waves: relatively low frequencies - deep structures
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Ambient Noise Tomography

DATA (Massive Sensor Networks;
background noise)

create data by means of
Imaging/tomograr interferometry/cross-correlation

Tomography
(Asymptotic or Full-Wave)
(Body waves, surface waves)

3-D Velocity Model that
best explains data




Shapiro, N.M., M. Campillo, L. Stehly, and M.H. Ritzwoller, 2005, High-Resolution Surface-Wave
Tomography from Ambient Seismic Noise: Science 307:1615-1618
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Use both ‘active’ and ‘passive’ data

DATA (Massive Sensor Networks;
earthquakes AND background noise)
ballistic (source-to-receiver) wave create data by means of
propagation interferometry/cross-correlation

Tomography

(Asymptotic or Full-Wave)
(Body waves, surface waves)

3-D Velocity Model that
best explains data




Field Projects Sichuan & Yunnan Provinces and E. Tibet (2003-2004)
Crust-Mantle study E Tibet — SW China

e

) | 27 g i — - : 2
. "Ny "»."
d — '

Ll

MIT array
T =7

98 100 102




Why SE Tibet?
1. understanding eastward
expansion of plateau




Why SE Tibet?
2. Southern end of Trans China Seismicity Belt
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Interferometry:

long-term noise correlation 2 new data
for: crustal tomography.
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Yao et al. (GJI, 2006)




Interferometry:

long-term noise correlation 2 new data
for: crustal tomography.
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Crust and Lithosphere:
Multi-resolution surface wave tomography
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Example: “ambient noise” surface wave tomography

T = 30 s (GF)

24 24 =24 y
100 101 102 103 104 100 101 102 103 104 100 101 102 103 104

“source”-receiver pairs at different periods

Interferometry (scattering) = works well for
relatively short periods (high frequency)

Yao, Van der Hilst, and De Hoop (GJ/, 2006)




Example: “ambient noise” surface wave tomography

bl = [T=20s@@P|[cf = [T=30s(GF)

Phase velocity maps at different periods

(dele)/(dVs/Vs)

Interferometry (scattering) - relatively short periods (high frequency) ot 0

For surface wave tomography that means: “shallow” sub-surface

Yao, Van der Hilst, and De Hoop (GJ/, 2006)




Phase Velocity (km/sec)

Number of Paths

Combination of ambient noise and earthquake data:
extend frequency range - extend depth range
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T =30s (GF)

T=10s (GF) a1 T =20s (GF) T=20s (TS) . T=230s (TS)
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Phase velocity maps at different periods

T=30s(T9)
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Anisotropy I: Azimuthal Anisotropy

(i.e., dependence of wavespeed on direction of propagation in horizontal plane)

Step 1:inter-station phase velocities from EGF - azimuthally
anisotropic phase velocity maps

c(w,p) =c,(w)1+a,(w)+a,(w)cos2y + a,(w)sin 2y ]
Step 2: phase velocity maps 2 shear wave speed & anisotropy

dcy (X, y,0,) = fH[aCR 5L+Gccos2w+GSsin2w)]%

At each point (x,y), the reference crustal thickness is constrained from
receiver functions (Xu et al., 2007; Zurek et al, 2005)

A G
ﬁSV zﬁw(“’i

Transverse isofropic V,: B = %

1
Magnitude of azimuthal aniso 4y, = Z\/(G )2 +(G, )2

: : : |
Fast axis of azimuthal aniso : ¢=§tan '(G./G,)

Yao, Van der Hilst, Montagner (JGR, 2010)




"Ponderosity" (i.e. angular weighting of incident intensity)

What is the effect of uneven noise distribution on estimates of elastic anisotropy?
That is, what happens if the intensity of incident field itself is anisotropic?

smooth
distribution
of mcoherent
SOUIrces

Courtesy: Weaver (Cargese, 2011)
Froment et al. (2009)



Recovery of surface wave GF in SE Tibet from ambient noise
(onebit) cross-correlation of monthly confinuous data (10-20s)
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Yao et al. (PEPI, 2009)
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Uneven noise energy distribution + medium heterogeneity/anisotropy
imperfect recovery of G - bias in dispersion measurement.

Isotropic Noise + Homogeneous & Isotropic Medium
T T T T T

—0Obs EP
A

CF 7

Amplitude

0.5
(R

S - e R

Isotropic Noise + Homogeneous & Azimuthally Anisotropic Medium
T T T T T T Obs E P T

—_—NE

Amplitude

400

model 1‘: A=0 s 0 | | | Py | L I
3001 model 2: A_= 5% | ’ 0 45 90 135 180 225 270 315 360
NAN N\ 43 Azimuth (deg)

200 -
4.2

N

100 - E o140

-100

38
—-200

/s 7/ /S 7 7S
/7 /S 7 S S

\ |
L G :J.;EP(mﬁ)':-::ls[m(r—c?r)]H(f,cﬁ'f)dﬁ
N

A A

—-300

\ Incoming plane wave
(ambient noise) energy

—-400 1 L 1
—-400 —-200 0 200 400

Yao and Van der Hilst (GJI, 2009)




After bias correction

>3

0 5
O = v C
6 52 o
£5 £2 =
D..b o g mw
T Y O > c 9
°>g $3  °9
o °
....n% 0oz c

Yao & Van der Hilst (GJI, 2009)

\.Ilrl..u.....l...llll...._~li../

| o lll\llllll”ll%\

i ~\\\\\ull.l.-llal/////

B e T i e i
-

.'ll.l-ll..lllll-.llnillllll.... I.lllll..-/

4

.i&.ll-l/ltll‘llllllll:trl\\\ \

\.
B -\-\\-\.ll.ll\-nlllln'-llll.lﬂl‘l\
st S N0

<

- \\\.\\..I-.t/,/./A// \

.- - - .,///,
4%

— 2% - -

[ 17 =<~ S\N\Y{\0

<4 <4
A e N i/
<
/1 - ll////"A\ 7 72 0
4
— T — — - -

- - e AN N . .

1l ., \\\\ol.!.////l//‘.

«

.\\\\\\.I.l.ll.t...//f.l._

<

\\.ll.-Af..////I..

|
- ' — e —— e M 2 @
A I = === s 1 - &
<
s o+ % Y tll-llll.-”l_
< <
L4 - = s N N YOS Teed™ SRR N .
L S

/7 - = lll-.llu.\‘\ ” o+

.
4

z N 7/ ...-....r......“ll.ll...ll.l...............l.\\\..l .
/
I

t;.c - Ny ey, m, A, & N A
T T T T

Before bias correction




3D lithospheric heterogeneity & azimuthal anisotropy
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SKS splitting (~ azimuthal anisotropy) and GPS (purple arrows)

Lev, Long, Van der Hilst (EPSL, 2006)
Sol et al. (Geology, 2007)
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strong variation of azimuthal anisotropy with depth

Azimuthal Anisotropy |

(ambient noise tomography) On high plateau: I
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strong variation of azimuthal anisotropy with depth

Depth (km)

Azimuthal Anisotropy
(ambient noise tomography) On high plateau:
321 4B ~ Significant crust contributio] russrecions in the NorTH
A S . \ MCO'I—MC18é
30 - ¢ NN - v’7~ \\’-_\ )
281
—
26
o— T '
: tN
25f : -E
500 |
|
75f | (103E, 26N) |
|
00
|
125 |
: Fast directions in the SOUTH
150} | MC21—MC255: KMI
| i
0 1 2 3 45 i
Anisotropy (%) ! ) 6
241 - 3%
90 95 100 10 _ Off plateau:
, Mainly upper mantle
Yao, Van der Hilst, Montagner (JGR, 2010)




Anisotropy ll: Radial Anisotropy from joint
inversion of Love and Rayleigh wave dispersion
(empirical Green’s functions for noise correlation).

Rayleigh wave Love wave
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Huang, Yao, and Van der Hilst (GRL, 2010)




x 10+4

x 10+4

x 10+4
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Anisotropy Il: Radial Anisotropy (or: transverse isotropy)
(i.e.; difference between wavespeed of horizontally and vertically polarized waves)
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Radial Anisotropy (from Love and Rayleigh wave dispersion)
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Huang, Yao, and Van der Hilst (GRL, 2010)
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Huang, Yao, and Van der Hilst (GRL, 2010)

Strong correlation with LVZs - horizontal flow in weak zones?
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High resolution studies with dense seismograph arrays
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Geological setting and station map of the movable dense seismograph array in western
Sichuan (State Key Laboratory of Earthquake Dynamics, Institute of Geology, China

Earthquake Administration). Black solid lines: major faults; blue triangles: stations; yellow circles: earthquakes (Ms
= 5.0,1901-2010, 2008 Wenchuan focal mechanism); blue arrows: crustal motion relative to the Yangze craton from GPS; red
dash lines: seismic profile.

[SB=Sichuan Basin; YZ=Yangtze block; CD=Chundian unit; SG= Songpan-Ganze unit]
[XSH=Xiangshuihe; LMS=Longmen Shan; ANH=Anninghe; LJ=Lijiang fault]

Liu et al. (Nature Geosciences, 2014)
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Topography and shear wavespeed

variations from joint inversion of P-receiver

functions and Ambient Noise (Rayleigh wave) Tomography across region of
steep relief (A-A’; top) and gentle topographic gradient (B-B’; bottom).

Liu et al. (Nature Geosciences, 2014)
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Crustal structure constrained by
waveform data obtained by a dense
seismography array in western Sichuan.

Concept: canonical channel flow model.
(Figure courtesy of L. Royden, MIT).

Liu et al. (Nature Geosciences, 2014)




Overview of lecture:
1. Introduction/background

2. Ambient noise and surface wave tomography (MIT, 2005-2015)

- Traditional transmission tomography:
« combining ambient noise and earthquake data
« quantifying and correcting for uneven noise distribution
« azimuthal anisotropy
 radial anisotropy

- Eikonal tomography
- Adjoint tomography with ambient noise data
3. Interferometry of teleseismic body waves

4. Imaging with multiples



Eikonal Tomography: interpolation of travel time perturbations instead of travel times
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Eikonal Tomography: interpolation of travel time perturbations instead of travel times
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Eikonal Tomography: interpolation of travel time perturbations instead of travel times
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Robust estimation of heterogeneity and (azimuthal) anisotropy,
but lower spatial resolution than traditional tomography due to interpolation

Huang et al. (2015)




Overview of lecture:
1. Introduction/background

2. Ambient noise and surface wave tomography (MIT, 2005-2015)

- Traditional transmission tomography:
« combining ambient noise and earthquake data
« quantifying and correcting for uneven noise distribution
« azimuthal anisotropy
 radial anisotropy
- Eikonal tomography
- Adjoint tomography with ambient noise data

3. Interferometry of teleseismic body waves

4. Imaging with multiples



&AGU PUBLICATIONS

Geophysical Research Letters

RESEARCH LETTER

10.1002/2013GL058476

Key Points:
« Ambient noise adjoint tomography
refines the SE Tibet crustal model

| .

-

Low wave speed zones in the crust beneath
SE Tibet revealed by ambient noise
adjoint tomography

Min Chen'-%, Hui Huang', Huajian Yao'3, Rob van der Hilst', and Fenglin Niu®*

Chen et al (GRL, 2014)
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Overview of lecture:
1. Introduction/background

2. Ambient noise and surface wave tomography (MIT, 2005-2015)

- Traditional transmission tomography:
« combining ambient noise and earthquake data
« quantifying and correcting for uneven noise distribution
« azimuthal anisotropy
 radial anisotropy
- Eikonal tomography

- Adjoint tomography with ambient noise data
3. Interferometry of teleseismic body waves — concept

4. Imaging with multiples



Teleseismic wave-equation reflection tomography using free surface
reflected phases

S. Burdick!, M. V. de Hoop?, S. Wang? R. D. van der Hilst

! Department of Earth, A pheric, and Pl ry Sciences, Massachuserts Institwe of Technology Cambridge, MA 02139, USA
2 Department of Mathematics, Purdue University

“Remote sensing”

Estimating wavespeed
variations beneath an
array using waves
coming from distant
sources.
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\

Construct images from converted and multiply-reflected teleseismic phases
(NB the source can be ‘ambient noise’)



For instance, imaging of the slab interface
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Seismic interferometry of teleseismic S-wave coda for retrieval
of body waves: an application to the Philippine Sea slab underneath
the Japanese Islands

Takashi Tonegawa,' Kiwamu Nishida,' Toshiki Watanabe® and Katsuhiko Shiomi?*

! Earthquake Research I

2 Gradh

School of Envi

Univ. of Tokyo, 1-1-1, Yayoi, Bunkyo-ku, Tokyo 113-0032, Japan. E-mail: tonegawa(@eri.u-tokyo.ac.jp

| Studies, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan

3 National Research Institute for Earth Science and Disaster Prevention, 3-1, Tennodai, Tsukuba, Ibaraki 305-0006, Japan

Accepted 2009 May 11. Received 2009 April 20; in original form 2009 January 22

Tonegawa et al. (GJI, 2009) |
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Or passive imaging: Earth’s mantle discontinuities from ambient seismic noise.
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Poli et al. (Science, 2012)




Actual model (used to create synthetic data)
Construct images from converted
and multiply-reflected teleseismic
phases
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Wave-equation reflection tomography - full
finite frequency (De Hoop et al., (GJI, 2006)
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Burdick et al. (GJI, 2014)




Separation of the direct and multiple fields: interferometry/cross-correlation

Full wavefield Incident wavefield Free surface multiples

Burdick et al. (GJI, 2014)




Challenges of teleseismic data

1) Limited global seismicity &
irregular array configurations 2>
limited angular and azimuthal data

-> Angle domain annihilation not
effective

Events magnitude > 5.0
< 30° from great circle arc

Burdick et al. (GJI, 2014)



Single source images formed using inverse scattering
for teleseismic sources arriving from different directions

Single source image for 23.7 deg incidence
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Power norm error function

correlation
of images
sources -2 maximum correlation
gives best optimal velocity model

More robust than error function
based on depth move-out (angle
domain annihilation)

Burdick et al. (GJI, 2014)




. 2x perturbation

Too fast

pource

Just right

Residual moveout in
source-index image
gathers

Incorrect model creates
measurable moveout in single-
source images

Best way to quantify error? -
misfit criterion

Burdick et al. (GJI, 2014)
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Overview of lecture:
1. Introduction/background

2. Ambient noise and surface wave tomography (MIT, 2005-2015)

- Traditional transmission tomography:
« combining ambient noise and earthquake data
« quantifying and correcting for uneven noise distribution
« azimuthal anisotropy
 radial anisotropy
- Eikonal tomography

- Adjoint tomography with ambient noise data
3. Interferometry of teleseismic body waves

4. Imaging with multiples — just some thoughts



SS precursors P
S660S  S410S f

S§5208
A

A |
A
J
\

Imaging the Transition Zone
with the SS wavefield

(i.e.,underside reflections)

Houser et al (2008)

PhD Research: Cao Qin, Yu Chunquan

(supported by CSEDI and CMG Programs of National Science Foundation)
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Transition zone imaging with SS precursors
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South T=20-50s m reflection seismology with SS data
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Latitude (deg)

Latest results for Hawaii
(Chunquan Yu, MIT)
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Preliminary result: Yu Chunquan (MIT)
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Thin transition zone SE of Hawaii = high temperatures?




Stack area:
4000 Lat: 0-35 degrees
2000

Lon: 180-225 degrees
y e \
200 .
: r

Time deviation (s)

-2+

-4

100
S660S — SS Time deviation -
- Time-distance move-out ol
~100¢t
3 — S
L ] _20 "----_.__
— —300F
8I0 160 1é0 1;10 1é0 —_ -
Epicentral distance () 00T Byt topography does ;
not explain everything . [." = |
~500°F wo ey
_600 | 1 |
80 100 120 140 160

Distance (deg.)

71



3500 10°

%%Z/Z% 560"

Move-out in exploration seismics?
- Find the move-out velocity!
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