EAS 4803/8803 - Observational
Seismology

Lec#1: Introduction, Fourier Series
Dr. Zhigang Peng, Spring 2019
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Today’ s Outline

* Course Introduction

— Class logistics, requirements and policies
— Class schedule

* Introduction to digital signal processing and its
relation to seismological research

* Fourier series/transform

Reading: Stein and Wysession Chap. 6.1 — 6.2
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e | ecture Time: T,Th 1:30 pm - 2:45 pm
e | ecture Place: ES& T, L1125
e My office hour: T,Th 2:45 pm - 3:30 pm

Class website:
http://geophysics.eas.gatech.edu/classes/ObsSeis
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Course Goals

— This is an advanced-level course designed to
involve students into seismological research.

— The topics covered include digital signal
processing, seismometers and seismic networks,
basic and advanced seismic data processing
tools, travel time and synthetic seismogram
calculations, earthquake location, magnitude,
microseismic analysis, and modern topics in
observational and computational seismology.
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Grading

* 5 homework (50%)

* 4 weeks of paper reading and discussion
(20%)

* Term paper project (15%)

* Field trip or final exam (15%)
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Digital Signal Processing

1. Fourier analysis

2. Linear systems

3. Discrete time series and transforms

Seismometers, Seismic Networks, and Data Centers

1. Historical development and the Earth’ s background noise
The damped harmonic oscillator and instrument response
Basic types of seismic sensors and digital recording devices
Global and regional seismic networks and data management
centers
Instrument response removal

bservational Seismology
Basic data processing tools
Data request and management
Waveform stacking, cross-correlation and deconvolution

Polarization and array analysis
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¢ Theoretical and Computational Seismology

1. Ray theory and travel time calculation

2. Theoretical seismogram calculation

3. Earthquake location and magnitude

4. Travel-time tomography/Surface wave inversion
* Current topics in observational and computational

seismology (tentative)

1. Seismic event detection

2. Seismic interferometry

3. Imaging earthquake ruptures

4. Machine-learning in seismology
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Recommended:

S. Stein and M. Wysession, An Introduction to
Seismology, Earthquakes, and Earth Structure,
Blackwell Publishing.

Zhou, H.W., Practical Seismic Data Analysis,
Cambridge University Press.

Shearer, P.M., Introduction to Seismology,
Cambridge University Press. SEARCH INS

T. Lay and T.C. Wallace, Modern Global L6
Seismology, Academic Press.

Additional material will be either handed out in cla
or made available on the course website.

1/8/19 zpeng Obs Seismolgy

» Seismology (wikipedia): is the scientific study
of earthquakes and the movement of waves
through the Earth.

» Earthquakes, and other earth movements,
produce different types of seismic waves.

» These waves travel through rock, and provide
an effective way to "see" events and structures
deep in the Earth.

* What are other types of events (not
earthquakes) generating seismic signals? =z,

"
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Earthquakes in the last 30 days in the US
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https://earthquake.usgs.gov
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Georgia does not have many earthquakes
http://geophysics.eas.gatech.edu/GTEQ/

Georgia Seismicity
Catalog: ANS! 2017:08:21]; Local [1872-1961)
T e

Coastal Plain




Central U.S.
» 1000 Earthquakes
o 1973-2016
=
©
=]
g 800
=
«
w
& 600
=
S
o 400
Ko
S
=]
=4

200 - 855 M = 3 Earthquakes 1973 - 2008
2897 M = 3 Earthquakes 2009 - 2016

https://earthquake.usgs.gov/research/induced/overview.php
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The Shale Revolution

Horizontal wells drilled
along shale formations
Saltwater Injection { Ty stimulated by fracking
into Arbuckle group NN 41 —

on top of basement W, . ;

Seismicity in the
granitic basement
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Types of induced seismicity:

(1) Fluid-injections: hydro-fracturing, waste water disposal
(2) Extraction: oil/gas extraction, mining

(3) Fluid loading: reservoirs

INDUCED SEISMICITY
Injection ' Extraction Loading

-

Alteration of pore
pressure, chemical or
thermal properties

Alteration of regional
subsurface stresses

S. Hainzl (StatSei10, 2017) Credit: K. Cantner, AGI, after Elisworth et al., Science, 2013




2016 North Korea Nuclear Test

CH 2013

2, Russia

2016-01-06 5.1mb
2013-02-12 5.1mb
2009-05-25 4.7mb.
2006-10-09 4.3mb
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2017 North Korea Nuclear Test

The following video shows seismic sound for the 2017 M6.3
North Korea Nuclear test (and a subsequent M4.6 collapse
event) recorded at station MDJ in North China. Made by
Zhigang Peng@GeorgiaTech (zpengagatech.edu)
Heilongjiang . 2

” - ‘L--
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Four North Korea nuclear explosions recorded in Mudangang, China
1} 2006 M4.1  2000M47  2013MS51 2016 MS.1
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Glacial Earthquake Sources

1. Crevasse opening

2. Subglacial water movement
3. Basal slip

4. Basal fracture

5. Calving

Peter Moore

178/ 22

"CHASING ICE" captures largest glacier calving ever
filmed - OFFICIAL VIDEO

https://www.youtube.com/watch?v=hC3VTgIPoGU
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Other natural events that
generate seismic waves:
| Glacial earthquakes in
Greenland. Evidence of
/' _ global warming?

o Ekstrom et al. (Science, 2006
No. No.
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S PASSCAL Supports Fluvial Seismology Research in Grand Canyon
*

Station HR2, Z component

Signal and Noise

» What is the definition of signal and noise?

“We shall introduce the concepts of signal and
noise. We define the signal as the desired part of
the data and the noise as the unwanted part”.

“Our definition of signal and noise is subjective
in the sense that a given part of the data is

“signal” for those who know how to analyze and
interpret the data, but it is “noise” for those who
do not”.

Aki and Richards, gb uantitative Seismology, 1980
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An example of turning noise into

signals
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Traditional and New Subduction Zone
Model (Obara and Kato, Science, 2016)

mmmm Stable sliding zone
[T Transition zone Nonk

5 + ankai
. Seismogenic zone Trough

Volcanic arc

Example 3: Amblent noise tomography
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Figure 1.1-1: Sch ic g y of a seismic experi . .
Relation between seismology and
Source pulse Seismogram . .
N H f T signal processing
* Seismology uses various techniques to study

Receiver

Source |

* — [ ] —

Origin time Travel time Arrival time

Filtering: applying some operations that modifies the signal.

The Earth is a “low-pass filter”.

A seismometer is a “band-pass filter”.
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the displacement (or velocity, acceleration) as a
function of position and time associated with
clastic waves, and to draw conclusions about
the seismic sources and the carth.

* A major task is seismology is to separate the
source, path and site effects in order to study
each of them in details.
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Relation between seismology and
signal processing

* Signal processing (or time series analysis)
considers functions of space or time in
general terms with regard to the specific
physics involved.

» Hence, many wave propagation subjects,
including seismology, radar, sonar, and
optics, can be treated in similar ways via
signal processing technique.
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Figure 6.2-1: Successive terms of a Fourier series.

Fourier analysis °

Fourier terms

* Any time series can be
decomposed into the
sum or integral of

harmonic waves of
different frequencies.

Term number

* Harmonic waves: a
sinusoid with a single
frequency.

173 m2
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Fourier Series

* To find the coefficients @, andb,:

2 2t 2 2kt & 2nmt\ ~~, . (2nmt
ﬁmcos( T )f(t)dt:fr/zcos( T )a0+Za”cos( T )+;bnsm( T )]dt

* The only nonzero term is cos(2mkt/T), so

T/2 /2
f cos( 2kt )f(t)dt = f cosz(%i)dt =Zak(1 +8,,),
T2 T -T2 T 2
2-08,, % (ka)/ 172
ay=—7"" cos| —— |f(¢)dt ay,=— [ f(t)dt
T ‘J;z r T—‘Tj;z
5 712 kot
b =— sin( )f(t)dt
r
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Fourier series
0
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Complex Fourier Series
» The Fourier series can be written in a simpler form by
expanding the sine and cosine functions into complex
exponentials, so that the Fourier series becomes

) =F+ Y [Fe™ +F e
n=1

+ The negative exponentials can be written as

© —0
EF e—[w,,z _ EF eiw,,z
-n n

n=1

n=-1

* So the Fourier series can be written in complex number

form as:
ki ) 1 172
f(l) - EFneMnl Fn - fe-xm,,z f(t)dt
T .
n=-% -T/2
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From Fourier Series to Fourier
Transforms

 Fourier Series: a time series expressed in
terms of a sum over discrete angular
frequencies @, =2na/T

* Fourier Transforms: a time series expressed
as an integral of a continuous range of
angular frequencies.

* Fourier Transforms are used in most
seismological application, because we regard
the waves as continuous functions of angular
frequencies
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From Fourier Series to Fourier
Transforms
e Rewrite f ()= EFe’”' = EFe’“’ ‘An

n=—00 n=-00

* where An = 1.

» Since Aw =27/TAn

* so that An=(T/2m)Aw

eand [f()= EFnem”t(T/Zﬂ)Aw
 If we let the f)%?iOd T go to infinity,

1 p iwt _ P —iwt
f(t)=ﬂ :[CF(w)e dw F(w)= :[ce f(t)dt
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Fourier Transforms

» If f{¥) is a seismogram that has the dimensions
of displacement, its Fourier transform F(w)
has the dimensions of displacement multiplied
by time (from the df term).

* The Fourier transform can be written in terms
of two real-valued functions of w:

F(w)= | F(w )|ei¢(°“) Amplitude spectrum

|F(@)| = [F@)F @)]"* =[Re’(F(@)) + Im’ (F(@))]"*

¢(@) = tan” (Im(F(w)/Re(F(@)))  Phase spectrum
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Figure 6.2-3: Amplitude spectra for the body and surface wave segments
from a large earthquake.

Figure 6.2-4: Amplitude spectra of a vertical t sei gram from
the great 1994 Bolivian earthquake.
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Time and frequency domain

* Time domain: time series f{¢)

* Frequency domain: F(w)

* Can you think of another pairs of
representation in different domain?

 Spatial domain: Distance (d, or wavelength)
* Wavenumber domain: wavenumber (k)
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Properties of Fourier Transform (I)

* The Fourier transform is linear: if F(w) and
G(w) are the transforms of f{¢) and g(¢), then
(aF(w) + bG(w)) is the transform of (af(¢) +
bg(1)).

* The Fourier transform of a purely real time
function has the symmetry

F(-w)=F (w)
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Properties of Fourier Transform (II)

* The Fourier transform of a time series
shifted in time is found by changing the
phase of the transform: if the transform of
f?) is F(w), the transform of f{t—a) is ¢ ™ F(w)

* Similarly, shifting of a Fourier transform in
frequency domain causes a phase change in
the corresponding time series: the inverse
transform of F(w—a) is ¢ /(1)
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Properties of Fourier Transform (III)

» The Fourier transform of the derivative of a time
function is found by multiplication: (iw)F(w) is the
transform of df{¢)/dt.

» This makes differentiation easy in the frequency
domain, and make it easy to solve differential
equations.

* The total energy in a Fourier transform is the same
as that in the time series (Parserval theorem):

f\ f(0)f dt = é ﬂF(w)\zdw
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Today’s Outline

* Course Introduction
— Class logistics, requirements and policies
— Class schedule

* Introduction to digital signal processing and its
relation to seismological research

* Fourier series/transform

Reading: Stein and Wysession Chap. 6.1 — 6.2
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Next time

* Fourier transforms/Linear systems

Reading: Stein and Wysession Chap. 6.1 — 6.2
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