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What are rotations?

Entire wave field:

U(X+0Xx) = u(x) + € dX + w X OX
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3C Translation + 6C Strain
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Vx

Ground velocity
Seismometer
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+ 3C Rotation
o w =12V x u(x)

u ;
0 o
Rotation rate
Rotation sensor

WX=12(@uz/dy-ouy /oz)
wYy =12 (0u X /0z - du z /0X)
wz=12(uy/ox-adu x/ay)

e.qg. Cochard et al., 2006




Why?
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Rotations — wavetype filter

SH Love wave

.

Rotation sensor
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Rayleigh wave

Love & SH motion — vertical rotation
Rayleigh — horizontal rotation




Rotations — wavetype filter

SH Love wave

Rotation sensor

N

Rayleigh wave

Love & SH motion — vertical rotation
Rayleigh — horizontal rotation

3-C MUSIC Result
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Combining Rotation and Translation

3C Translation + 3C Rotation

Vy O O‘)y
v O o,

Ground velocity Rotation rate @,

Seismometer Rotation sensor

ar —k*c* A sin(kx — kct) B

%kch sin(kx — ket)

+ Rotation rate and acceleration should be in phase
+ amplitudes scaled by two times the horizontal phase velocity.

Phase velocity = using single measurement of 6C — structure
in phase — waveforms similar — can find source direction — source
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Structure — determining it using 6C

Single 6C-station dispersion curves: Lunar Vp & Vs structure
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Structure — sensitivity kern

els

Sensitivity kernels for:
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Combining Rotation and Translation

3C Translation + 3C Rotation

Vy O O‘)y
v O o,

Ground velocity Rotation rate @,

Seismometer Rotation sensor

ar —k*c* A sin(kx — kct) B

%kch sin(kx — ket)

+ Rotation rate and acceleration should be in phase
+ amplitudes scaled by two times the horizontal phase velocity.

Phase velocity = using single measurement of 6C — structure
in phase — waveforms similar — can find source direction — source
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Source — source direction

backazimuth

Filtered 0.1 — 0.2 Hz

Waveform and back azimuth for March 11, 2011. f = 0.1-0.2 Hz
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Hadziioannou et al. 2012, SRL




Source — source direction

Filtered 0.1 — 0.2 Hz " Dominant secondary noise
Waveform and back azimuth for March 11, 2011. f = 0.1-0.2 Hz
source towards Northwest
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Source — Microseism Rayleigh/Love ratios
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Low Rayleigh/Love ratios

Wettzell, Germany: Rayleigh-Love ratio ~ 1
Pinion Flat Observatory: Rayleigh-Love ratio ~2—3

Tanimoto et al., GRL 2015
Tanimoto et al., GRL 2016




Earthquake Source — Moment tensor inversion

+ Scenario I: N receivers with 3C observations (translations)
+ Scenario Il: N/2 receivers with 6C observations (translations and rotations)
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Earthquake Source — Moment tensor inversion

depth
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Earthquake Source — Moment tensor inversion

depth
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Summary

Source
= MT inversion
= Microseisms

Wavefield
= Wavetype separation
= Wavetype ratios

Instrumentation

Structure

= Phase velocity

= Dispersion

= Sensitivity kernels

Structural engineering




Instrumentation — How to observe rotations? ‘,

Observatory instruments  Field instruments Dense arrays
Ring lasers e.qg. Fiber optic gyros Seismometers
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Instrumentation — How to observe rotations? _,

Observatory instruments
Ring lasers

Sagnac interferometry

+ counterpropagating laser beams

— beat frequency

+ system moved transversally: no effect
+ system rotated: beat frequency changes
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T senses of rotation

Earth

l ring resonator

—

UOIIEYOXS 185E|

Schreiber et al., Rev. Scientific Instr., 2013




Instrumentation — How to observe rotations?

ol

Observatory instruments

Ring lasers

+ 5 worldwide

+ Wettzell, Germany most sensitive
+ ROMY: first 3-component rotation

“Lord of the Rings”, Science, 2017

4 meter

ROtational Motions in seismologY




Instrumentation — How to observe rotations? el
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Instrumentation — How to observe rotations?

ol

rot3D - setup

360 channels active -
. continuous recording for- 3 weeks

86 3C geophones

72 1C geophones .
4 iXBlue rotational sensors:"
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Instrumentation — How to observe rotations?

Field instruments
e.qg. Fiber optic gyros

| N,
blueSels
an iXblue product line

= 30-50 nrads~! Hz=%2 PSD
= flat PSD over a wide frequency
range (0.01 - 10 Hz)




Instrumentation — How to observe rotations?

Field instruments
e.qg. Fiber optic gyros

Available

now!

h i
blue_s_els

an iXblue product line

= 30-50 nrads~! Hz=%2 PSD
= flat PSD over a wide frequency
range (0.01 - 10 Hz)

www.blueseis.com




Instrumentation — What about tilt?

Seismometer (sensitive to tilt)

Fiber optic gyro (only tilt)

Ocean bottom seismometer

Lindner et al., SRL 2016




Instrumentation — What about tilt? ,,
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Summary
Source Structure

= MT inversion = Phase velocity

" Microseisms " Dispersion

Wavefield

" Wavetype separation
= Scattering

" Wavetype ratios

= Tilt (OBS?)

Instrumentation
= Observatory
= Field instruments
* Dense arrays

Sensitivity kernels
Toroidal modes

Structural engineering
= Torsional modes
" Interstory drift




Rotational seismology database

“IMUNCHEN

Note:

» Database support
starts at:
2007-07-18
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HOME Geophysics LMU
Station WETTZELL
Start time 2007-07-18T00:00 &
End time

* The map can show
a maximum of
2500 events at
once.

 The success of
evaluation depends
on magnitude,
epicentral
distance and
source depth

* Click the event
markers on the
map for popup
content (plots)

* Information on the
popup content:
processing g

= Event information
was fetched from
the GCMT catalog

* Simple data
fetching example
using ObsPy:
source c

» Obspy based

.

To cite this
database: refer to
the recent
publication
Salvermoser et
al. (2017)
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Access via www.romy-erc.eu
= Waveform download

= Example analysis

* Python code to start

* Salvermoser et al., SRL 2017

O

ols

Leaflet | Map data © ¢

Streethiap col

d = 10km ‘ 10km < d < 30km

color codes depth

® o ...

M=7  M=§ M=5

size codes magnitude

Download
QuakeML

Reset Parameters

contact: | Ermo

Copyrigl

Cross-correlation for €. and a, in 120 seconds time windows (lowpass, cutoff: 1.0 Hz). Event: 2016-03-02 12:50:05.300000

3 ef ]
& 4
& . — Rotation rate
7 — Transversal acceleration
3 0 >
H
£ s ] y :

160 2000 4000 6000 8000 10000
Tl 1
& 12|
z 10}
S sl ]
H
T 6f 4
s 4t
a ol ; ° ; | ]
£ 0 H ; H H H

. 00 2000 4000 6000 8000 10000
R ¢ o S R | A B N S L e Jo.75
806
§ 04 e—e Max. CC for est. BAz
% 0.2}

e—e CC for thel

0. BAz

BAz []

6000

Time [s]

1.00
0.95¢
0.90

0.85
0.80
0.75

X-corr. coef

X-corr. coeff.




Summary
Source Structure

= MT inversion * Phase velocity

" Microseisms " Dispersion

Wavefield
= Wavetype separation
= Scattering

= Wavetype ratios
= Tilt (OBS?)

Instrumentation
= Observatory
" Field instruments
* Dense arrays

Sensitivity kernels
Toroidal modes

6C:
* New observables

» do more with less stations

= Or with single station

Structural engineering
= Torsional modes
" Interstory drift
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http://www.romy-erc.eu/
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