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ABSTRACT

This work preents improvements tti¢ study of tsunamigenic offshore earthqsaded
complex earthquakes, i.earthquakethatarebetter repesented as multiple eventisrough the
use ofunderwater acoustitormal mode solutions and updated inversion technigMaen
considering offsha earthquakes,anmal mode solutions.e, analytic solutions that can be
expressed as an infinite sumresiduesare used to model the acoustic field generated by an
event Theenvironment under considerati@anocean environment vene water is oveying the
sedloor, is approximated asftuid layer overlying arelastic bottom. A source, such as an
explosion or earthquake, is represented @@int sourcehatis located in either the water
columnorthes edi ment | ayer . Us.i rctpnfarmgagon mrnarinal zed Gr e «
mode solutionsaccurate solutions aobtained fovarious sourceasesandare benchmarked
against elastic parabolic equation solutions that have been previously benchmarked against
wavenumber integration solutioridormal male solutions for seismacousticpropagation
problemsusinggener al i zed ®Ganehenbé ssedftowstudy tsunamgsnic
earthquakedMloment tensor representations of earthquake sources are used to find forcing terms
that represent earthquakes afying sheato-compressional composition. Tke&tension of this
techniqueo a rangedependent environment where a coupling integral technique is used to
ensure mode coupling across range segnigitiien explored

When considering complex events thatndd necessarily occur offshore, the
environment being considered is now the earth ralfar the ocean. In this case it is beneficial
to find characteristics of the earthquake instead of studying pressure fields generated by events.
Using normal mode sotions of this new system, a matigctor equatiomay be found which,

through leassquares inversion techniques, can characterize a complex earthquake as+wo near



simultaneous events rather than a single event. This allows for a more accurate ctatranter
of the earthquake being modelddstatistical test is used to compare results from a single source
inversionto results obtained with doublesource inversion anselectthe most appropriate

number of sources for any given earthquake.
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INTRODUCTION
fiFor the things of this world cannot be made known without a knowledge of mathematics
-Roger Bacon
AOnly God al mighty and naval research <can

T John Warner

When dealing with unpredictable acts of nature, thityato accurately study the cause
of the disaster, the affect the surrounding environment had on the intensity of the disaster, and
the effect of the disaster is of utmost importaftathquakes and tsunamis aeeticularly
importantto studydue to tle combination of theinaugurableoccurrence and the devastation
left in their wake Within this work, the ability tanodel the pressure field in the ocean following
an earthquiee using mathematical techniques within the field of underwater aceustidoe
taken advantage of and usegtovide new insight on what factors contribute to an earthquake
being tsunamigenidvatrix inversion techniques, a cornerstone of applied mathematics, have
beenpreviouslyapplied inthe field ofseismology to determinénaracteristics of earthquakes.
Extending these inversion techniques can provide more accurate source locations of earthquakes
which in turn can save lives in an emergency response situation. Applying statistical techniques,
another form of applied mathenes, to seismological studies can provide a quantitative form of
model selection when characterizing earthquakes, improving upon the more qeatidtistion
process requiringeismological analysto select the more appropriate model ushegjr best
judgment

In order to studyhe acoustic field generated agoffshore earthquakehe environment

is approximated as a waveguide. There are various ways to set up a wavggeigsoblemin



general, the ocean is modeled as a water column overlyingedraklehalf spaceln order to
accurately model sound propagation in the ocean, the seafloor should be represented as an
elastiesolid in order to allow for shear wavesthe sediment layer. Additionally, the source
must be approximated in such a wagtthoth shear and compressional waves can be emitted
allowing a realistic event, such asearthquakgeto be used as the source

Accurate approximation of the bathymetry of the seafloor is also important due to the
significance of the ocean bottom aBaundary. Many waveguides approximate the seafloor as a
horizontal bottom. When considering deep water cases such an approximation can be considered
accurate, howear, in reality the ocean bottois characterized by numerous variations in bottom
slope. A vaveguide that allows for a sloping seafloor provides a more realistic bottom
approximation.

This work focuses ohow the understanding of earthquakes and their effects on the
surrounding environment cdre enhanced through the usenofmal mode solutions.e.,
analytic solutions given as an infinite sum of residues, for se@roastic propagation problems
and improved inversion techniqu&hapter 1 presents background information enfigsld of
underwater acousticthree classigvaveguide are presdad and background work done in the
field of normal mode solutions is describ&hapter 2 explains how normal mode solutions for
seismeacoustic problems are found throTlhgh the us
generali zed Gr e doméxpres$es thecequations fof dsplacemenapotentials in
a way that allowsor five point source cases) @ compressional source in the water coluiiin;
a compressionaource in the sediment layer; i shearsource in the sediment layer; X&
source in the sediment layemitting both shear and compressional wagest(v) a source at

the interface emitting compressional waves in the water column and both compressional and

2



shear waves in the sediment layEieg e ner al i zed Gr @atiananditsbemefist i on |
aredetailed and ecurate solutions are obtained for three caseap@int source located in the

water column; (iija point source located in the sediment layer; anddipint source located on

the interface between the watmlumn and sediment lay&Chapter Focuses on modelintpe

pressure field in the ocean following an earthquakénding normal mode solutions whetee

source being considered is generated by an offshore earthduplazesss detailed on how to
convertamoment tensor used in geophysics to represent an earthexekento a formwhich

may be used within the genotChaptei2ClaptedGr eends f u
approximates the environment as a waveguide with a sloping elastic bAttoode coupling
techniquehatcan beused to obtain analytic solutiof a point source located in the water

columnis discussedChapter 5 provides a brief background on inversion techniques currently

used to characterize earthquakes, specifically fogusinWphase inversion techniques and

describes thékaike statistical methd. A double source Whase inversion technique which

allows an earthquake to be modeled as two events occurringimedtaneouslys introduced

An automated model selection pessis also discussedavherein the Akaike information

criterion test is used to determine whether an earthquake is better represented by a single source

or a double source.



CHAPTER 1
BACKGROUND

This work focuses on finding normal mode solutiares, exact solutions as an infinite
sum of residuegpr seismeacoustic problemthat can be used to model the acoustic field
generated by an offshore earthquakige environmentinder consideratioconsists of a water
column overying an elastic bottom witthe point source located either in the water column or in
the sediment layeBoth the rangendependent case, i,¢he ocean floor hasftat bottom and
the rangedependent case, i,¢he ocean haa sloping flooy are consideredPrior to considering
the rangedependent case, three canonical waveguides in fangependent environments are
introduced.

Consider the stratified ocean acoustic environment of a fluid layelyowgean elastic
sediment half spaaepresenting the seafloor. A point souremitting either a compressional or
shear wave, is assumed in either the fluid or the elastic layer. A first approximation to this
environment would be an ideal fluid waveguide in which the sea surface and floor are taken to be
pressureeleaseor rigid. Despite the fact that this waveguide is greatly oversimplified, it does
illustrate basic waveguide phenomena well. The first accurate representation of the ocean
acoustic waveguide was given by Pekeris in 1948 iichvtine seafloois represented bgn
infinite fluid half space, allowing energy to be transmitted across the water bottom inferface.
The Pekeris waveguide has boundary conditions corresponding to vanishing pressure at the sea
surface, and continuity of both particle displacement and presswssdbe bottom interface. A
more accurate representation of the ocean acoustic channel is the elastic Pekeris waveguide,

extendinghe Pekeris waveguide to allow for an elastitid bottom’ Theelastic Pekeris



waveguidds used to approximate the envirnent. To treathite point source singularity,celta

functionis used to represent the souyreadingtcGr eendés funcdg i on formul at
1.1 The Wave Equation

The wave equation can be written in terms of the displacement pot#g e,

N % —— "QMdh (1.1
whereis the wavespeed ant »hd is the volume injection of the source as a function of time
and space For the environment consideré this work, a cylindrical coordinate system,

» i h-RYX, is used since only the depithoriented positively downward, andthe radial
distance from thé-axis, vary from theaurce. Azimuthal symmetry sssumed, resulting in no
dependence on-The time dependence can be removed byrasx) the wave source tigne-
harmonicof theform'Q . Equationl1.1 may then be rewritten as,

N % Q% "Qihxh (1.2)
where’Q —and’Qi hx is the focing term representintipe point source. Egtion1.2 is the

two-dimensional Helmholtz equation, a linear differential equation whose solution is given as the
sum of the solutiosito the homogeneous Helmholtz equation tadparticular Helmholtz
equation.Throughout this work hte forcing term used in E@.2 is assumed to be a point source
located ati iy iy with astrength of Y ] ™ where” is the density irither
the water columior the sediment layer, depending on the source locatma, is the angular
frequency of the wave.

The assumption of a tirlearmonicforcing termused in the formulation of Eq. 1.2, also

leads to the displacement potential being directly proportional to the acoustic pre5as8 is



given by,

T %o
—h
To

for” the density. pplying the timeharmonic assumption results

h n~| %0
1.2 Solving the TwaeDimensional Helmholtz Equation

In order to solve the twdimensional Helmhott equation, the solution to the

homogeneous equation,
N % Q% Th (1.3
must first be found. Equation 1.3 is solved by asagm separable solution,
%oihx  Yi OA8

Plugging the separable form %éinto Eq.1.3and keeping in mind that

T %o pT %0 T %o
; P —h
Ta 17T 1 Ti

N %o

results in,
®Y -®Y Y QYo 18 (1.4)
Equation 1.4 can now be separated t@andwcomponents:
- — Q —8 (1.5
SinceEq. 1.5 relates function ofi to a function ofy, both sides mudie equal to a constant. In

this caselet the constant be™Q, where'Q is the horizontal wavenumber. Théandd®

components may now be considered separately.Yidguation will give the rangdependent

6



solution while thebequation willgive the deptidependent solutiorn order to find the range
dependent solution, the equation,

1Y 'Y Qi 'Y mh (1.6)
is considered. This Besseb differential equation which has solutions in term8essel
functions of the first and second kind. The solution may also be written in terms of Hankel
functions as,

Yi 60 iQ 60 iQh (1.7)
where’O 1'Q is the Hankefunction of the first kind an® 1°Q is the Hankel function of
the second kind. Note that as mentioned this could also have been written in terms of Bessel
functions since,

O 1 i @i~
and,
0 i viQ B®iQh
where,0 1'Q is the Bessel function of the first kind aéidi Q is the Bessel function of the
second kind.
Next, the deptldependent solution must be found from dhequation,
@ T Q6 m (1.8)

This is a secondrder differential equation which has a solution of the form,

Hha  0Q 6Q 8 (1.9
The solution tdEq. 1.3can now be written &l i Y1 & & where'Yi is given by Eq.
1.7and® & is given byEg. 1.9. In order to determine the full fieksblution the Hankel

transformpair,



%ol M g % QM 'O Qi O Qi Qdah
% QM =  %iflr O Qi O Qi i

must be used to sum over all wavenumbers. The transfortmecsimplified by replacing
'O Qi with the equivalent expression,O Qi |, resulting in
%ol ot g % Q0 Qi 0 Qi Qdas

This integral may be further simpét by splitting it into two integrals,
%ol 1 = % QM0 Qi QIQ P % Q0 Qi QJ0s8
which results in

%ol PO

% Q0 Qi QI8

The Hankekransformtransforms the range dependence oukef he solution to the depth

separated Helmholtz equation in cylindrical coordinates with a point sourdexat
and strengthy ,

g
— 0 0 %0m Y——o~h (1.10
maynow be written as
%o Q) X Y 'Q Qi O Qhy 8 (1.12
The homogeneous solutid® ‘Qhx has ateady been found to be
. . . N Qh
O Qh 0Q 0Q  hwhere’Q - . B
QQ Qh Q Q

ando and6 are amplitudes which will be determined using the boundary condititmvs that

8



Figurel.1: A vibrating sphere in an infinite medium.

thehomogeneous solution has been founddéygthd e pendent Gr@édmbosh f unct i

must be considered.
13Finding the Greendés Function

Priorto findingthedeptd e pendent Green6s function, the
freef i e | dsf@ctierewill de reviewed. Consider an acoustic field produceahiinfinite
homogeneous fluid, where the fieldoduced by a small vibrating sphereafliuscowith
surface displacement oy "Y O at the boundary of the sphere. Since the field & i
homogeneous fluid, it is omdlirectional, i.e.the field depends only on the range from the

source, and the radial displacement can be given as,

T %o
3

o] -
T

This displacement potentidi [ , satisfies the homogeneous wave equation in spherical

coordinates,

n %o‘lFb —

mh (1.12)



where

Pl T
i

n 1 —
T 1 T 1

8

The frequencytime Fourier transform pair,

%oi MO c£ %ih Q 'Q1h

%ol1 N %I Q Qb

can be used to transform the thtdependence out of the wave equatibaking the transform of
Eq.1.12yields,

e Pl %ibD
N %ol D (I)_T—OQ Qo 18

Splitting the integral gives,

"o Qo ™ (1.13

n%iMQ Qo —
The secondhtegral can be integrated by parts twice to obtain,
L— %iHQ Q8
w
Plugging this back into E4..13and recombining the two integrals results in,
N Q %iHQ Qo6 mh

whereQ 1 j @ is the medium wavenumber at angular velocityThis results in the

homogeneous Helmholtz equation,
—1 — Q %if mh (1.14

with boundary conditiond ¢  "Y] . Snce the sphere is the only source in the infinite

10



medium, the radiation condition of no incoming waves at infinity can be applied allowing the

solution of Eq1.14to be expressed as,
%l O0—8 (1.19
The displacement field correspiing to Eq 1.15is

6 00Q 8

i le)

o, ’I’Qp
i

For the case of a simple point source, the radius of the sphere is small when compared to the
acoustic wavelength, i,6Qch. p. This allows the surface displacement to be approximated as

. QQG 0
w (0V]

Applying the boundary conditioyields the amplitude,

o) WY 8
Source strength, or the voluaArgection amplitude produced by the source at frequendg
defined asY 1“& Y] . Writing 0 in terms of the source strength and plugging into Eq

1.15results in the solution for the field in the fluid,
%ol Y —8 (1.19

The fraction in Eql.16isthe freef i el d Gr e e n 60 sor alsauncecav»i » s, whi ch f

written as
. QP+ »e
Q > —38
T“S» »S
Thefreef i el d Greendés function satisfies the inhor
nooQQ e 1 » » 8 (1.17

Therefore, for a snple point source of strengthf, ati , the inhomogeneous Helmholtz

11



equation is given by
nQ % Mh YI » » 8 (1.18
For a boundary value problem, a general solutiolg 1.18is needed thatums the paicular

solution and the homogeneous solutionorder to find%. QR from Eq. 1.11a depth

dependent Greenods function of the form,

Q Qi 6 Q Q hv @
Q h a a
60QQ * %

is needed.
Thedeptdependent Greenédés function, hereafter ref
found by solving,

’Q -~ <, ", T L eI Q ¢

o7l Q Q "Q Qhh - 8
Integrating this fromd T toa T gives,

—"Q Qi O f —8 (1.19)

I nserting the derivat (lu%®leadsfto, t he Greends funct

LettingT © mgives

¢o Q %8
q
The amplitudeéd can now be solved foresulting in,
x P
Q T
0 p ,QS

12



The final form of the Greendés function may be

i 0 § ¢
B

Pl ugging the Greends funct i o.nlllyieldsthé dolatiorthtao mo g e n

the depthseparated Helmholtz equation,

S S

%o QX Y ———  80Q 6'Q 8 (1.20

The amplitudes of the homogeneous solutibandd, are found using the boundary conditions.

This source ternsetup is used for all of the waveguides discussed throtigfiework.
1.4The Ideal Fluid Waveguide

An initial approximation to the stratified ocean environment is the ideal fluid waveguide.
This waveguide is bounded above and below by vacuums represented by pressure release
boundaries, which are perfectly reflewi For the setup of the ideal fluid waveguide, let a point
source emitting a compressional wave liéat & on thed axis and let the depth of the water
column bed "0 The wave speed of the fluidis constant and the densityis also constant.
This setup along with typical values of the wave speedladensity is shown in Figure2l

Sincethe ideal fluid waveguide considers only the water column, the solution to the wave
equation is given in terms of the displacement pote#tiallhe kernel of the Hankel transform
is then given by,

hs S

% Y———— B8Q F §Q (1.21)

h
with Q, 'Q  Q the vertical wavenumber af@d 1 j {the water wave number at angular

frequency . Applying the pressure release boundary conditioas attandd "Ocauses the

13



z=2z,® c =1500 m/s
p =1000 kg/m*

Figure 1.2: An ideal fluid waveguide of constant speed and density shown with typical values for
wand” .

displacement potential to also vanish at these points since it has been shown that the pressure is

directly proportional to the ddacement potential. Applying these boundeonditions to (1.2

and setting the resulting system of equations up as a linear systerarfdd results in,

p p 06 _Y o g4
QfF Q h 6 T1"QQ f

Solving ford andd through row reduction of the matrix and then pluggimg tesulting solution

into (1.27 gives the solution,

-OEQa OEQ0 & . |,
,, ——— h & a
"o —0 o &0
“ O E'Qa OEQOaﬁ 4 &
vy QOE®O -
which has singularities when
o Sh ¢ pRish
0 p

or in terms of the horizontal wavenumber, when

14



o o S R o& s
Note thatt Ttin the above solution sinc® Tt corresponds to a solution which does not
satisfy the pressure release condition. The singularities in the solution occur at valGes of
which cause the determinate of theefficient matrix to equal zero. In the case of the ideal fluid
wave guide, this occurs whed E'Q'O 11 this equation is referred to as the characteristic
equation. The solution found has an infinite numbeiof/alues, both real and imagiry, at
which singularities occur. These poles are important when evaluating the inverse of the Hankel
transform. By definition, the wavenumber integral must be evaluated along the positive real
wavenumber axi s. Cauchyo6s tchnoorofamegraienyintoithe us e d
complex plane with only outgoing and decaying waves enclosed by the selected contour in order
to satisfy the radiation condition. The contour chosen satisfying these conditions encloses only
the poles on the positive realdammaginary axes.
Applying Cauchyodés residue theorem, the modal

solution
Pl "gz{ £4 Z 7 1] £4 Z 1] », ~, \
%ol Nt 0 OEQ o OEQ a © Q1 8

It should be noted #t although the roots for the ideal fluid waveguide were easily found, when
considering more realistic environments the characteristic equations become transcendental and a

numerical root finder must be used to determine the roots.
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) ¢,=1500 m/s
S p,=1000 kg/m’
z=H
C;=1700 m/s
0,=1800 kg/m*
Y

Figure 1.3: A Pekerigraveguide illustrated with typical values for sound speed and density

1.5The Pekeris Waveguide

Although the ideal fluid waveguide is able to represent ocean acoustic propagation, a
physicallyaccurate approximation was not possible until the introducfitimeoPekeris
waveguide. The Pekeris waveguide extends the ideal fluid waveguide to allow for a penetrable
bottom. Apressure release boundary is still assumed above the water column but now instead of
an isospeed water column, a senifinite fluid half pace with differing sound speed and density
below depthd  "Ois assumed as shown in Figur8. Since there is now one sound speed and
density for the upper fluid and a different sound speed and density for the lower fluid, the values
o and” will be used to represent the sound speed and densijtectaely, in the upper layer
while @ and” will be used in the lower layer. Each of the domains being considered has an
associated displacement potential which must be solved fananaer similar to that used in
the case of the ideal fluid weguide As in the case of the ideal fluid waveguide, the kernel of
the Hankel function for the upper layer may be written as

16



Q RS 8

% QY —
00 / _[“ Qﬁ

6Q F 6Q

with the vetical wavenumber defined &3, Q Q, and the water wavenumber at angular

frequency given byQ | G- The kernel of the Hankel function for the lower layer is

formed differently because there is no source in the Iflwiel Since the source is only in the

upper layer, there will be no upward traveling waves in the lower layer and all downward

propagating waves must vanish at infinity. The kernel for the lower layer is therefore given by
% Qh  6Q §

with'Q | & and the vertical wavenumber defined as

" 'Q Qh $Qs sQs

(o)

SRV x %
o QQ 'Qh sQs sQs
in order to satisfy the radiation condition foP Hb. Three boundary coitébns must be
enforced for the Pekeris waveguide: vanishing pressure at the sea surface; continuity of pressure

at the interfacé& "Q continuity of particle displacement across the fluid interface atO,

These boundary conditions may be written as
%0 T[at(:} T,

" % " %o atd 'O
— —ata O

Plugging the values fdo and%o. into the boundary conditions and writing the system in matrix

form results in

17



h

p p LI . Q
R ” 'Q R ” 6 gz{ ” -Q R 8
HQ

” 'Q
00 F e o 8 U UH ik

This eqiation has singularities when the determinant of the coefficient matrix equals zero, i.e.

when

OAT;O bom (1.22

h

Equationl.22is the characteristic equatiéor the Pekeris waveguide. As in the case of the ideal
fluid waveguide, the roots to Big22that have reak) correspond to the normal modes, modes
propagating without loss.

In order to evaluate the solution given by the inverse Hankel transformtegration
contour must be formed. For the Pekeris waveguide this contour will pass below the positive
poles along the real axis and above the poles on the negative real axis. Since the square root
function used in the definition of the vertical waverbers is multivalued in the complex plane,
there must be branch points located #. Branch cuts originating from these points may be
arbitrary as long as they do not cross the real wavenumber axis where the integral must be
evaluated. In this work, the EJP (Ewing, Jardetsky, and Press) branch cut will Bé\rssul.
using this braaoh cut, the vertical wavenumber is real along the positive axis, covering the
interval "QAQ and the entirémaginary axis. The poles included in the contour integration
correspond to outgoing and decaying wavdgese are represented by filleidcles in Figure 1.4
which shows the cut and contour of integration.

Using Cauchyo6és residue theorem, the Hankel
selected contour giving the approximate solution to the Pekeris waveguide problem written as a

modal sim of residues:

18



Ralk}

Figure 1.4: The contour along the real and comffeplane with the EJP branch cut. The
contour envelops the upper half plane and extends out to infinity.

§o.4

%ol MY e o ®Q OEDQ a«a OETQ ¢ 'O Qi

where'Q arethe modal wavenumbers determined from the characteristic equation, and the

~ ~

vertical wavenumber in the water for the mode is given byQ Q Q .The

amplitudegd 'Q |, referred to as modal excitationse dound by applying the residue theorem;

for more detail on modal excitations refer to (Ref. [1] and Ref. [16]).
1.6 The Elastic Pekeris Waveguide

A further extension of the Pekeris waveguide is the elastic Pekeris waveguide which
considers an elastsolid bottom instead of the fluid bottom assumed in the Pekeris waveguide.

The water column in the elastic Pekeris waveguide is set up in the same manner as that in the
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z=2,¢ c,=1500 m/s
p,=1000 kg/m
z=H
c;=1700 m/s
¢, =850 m/s
2 ¥ p,=1800 kg/m*

Figure 1.5: A Pekeris waveguide illustrated with typical values for sound speed artg.densi

Pekeris waveguide. Now, however, the lower layer is assumed to be an elastic half space with
compressional wave speed shear wave speed, and density as seen in Figure 1.5. The

wavenumbers are defined as

Q =k "0 pith

€4

wherep corresponds to the compressional wave in the water colygorresponds to the
compressional wave in the sediment layer, iandrresponds to the shear wave which occurs
only in the sediment layer.

The standard solution to the elastic @&k waveguide, developed by Press and Ewing in

the 1950s, does not use a Greenbdbs function

f

o

wavegui des. I n Chapter 3 of this work a gener

for a Gr ee mathentofthersautce. lo ardet to fimd a solution to the elastic Pekeris
waveguide using the original techniqpetentialsko, %o, and’  satisfying the homogeneous
Helmholtz equation
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no Qr mh

must be found. Potential satisfying this requirement are of the form
% i ¢ O60EQ;a 0 Q Qdoh m a a
% i ¢ O60EQ;a O6ATQrd 0 QI QQTh & & ©
% i ¢ OQ ") Qi QQh & O
i ¢ 0Q fdQQth & ©

where%o is the displacement potential above the soweas the displacement potential below

the source, and the vertical wavenumbers are givépy Q 'Q for the compressional

waves in the water column and by

" Q Qh S0s 0
Qy . h "Q ¢h

e N Qh sas
in the sediment layer. As in the Pekeris waveguide case, the vertical wabemsumthe lower
layer are defined so that the radiation conditiomfer Hbis satisfied.

The horizontal and vertical displacements of partidesnd0 respectively, can be defined in

terms of the compressional and shear potentials as

, T%Ov , T%ov
o -h 0 -h
T T a
% - % -
éT°?Lh,UT°°,L-Qr8
Tit T 11 a T Q a



The elastic Pekeris waveguide has four boundary and interface conditions which must be
accounted for: presseirelease at the surface, continuity of vertical displacement, continuity of
normal stress, and zero tangential stress at the bottom interface. These conditions may be written
as
% Tata Th
O 0O atd Ch
” , atd Ch
" mata  "Ch

where the normal and tangential stresses are given by
% ¢
” = 00 C T q

0

T 0

—a

4
‘

]
1

” T a ‘l
with LamAZonstants_and* . The medium wavepeeds may be written in terms of the fm

constants as

Note that since the shear modulus characteristic of a solid, Tt

Since the impulse being considered is symmetric, the fluid above and below the source
must move in opposite directions leading to two additional conditions; discontinuity of vertical

displacement and continuity of pressureitx i, expressed as
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— — cqwata «q
” ” ata a
where®is a function to be determined when solving%ar %o, and” . Substituting the
potentials into the boundary and source conditions results in a linear system of six equations
which may be used to solve for the unknavaefficients The solution to this linear system will
have poles when the characteristic equation of the elastic Pekeris waveguide propagation
problem is equal to zero:

) TQTQF] A A T T~ 7 iy iy Y
——— 0O ADQ; TQQ,Qr ¢Q 0Q 8
Q Qf

The contour an@&JP branch cut showninFigure4# wi I | once again be use

residue theorem resulting in the normal mode solutions,

%o 1 X
“ "HQ 0 o o y
QS— i - — — Q ' OE®D; ¢ OEDQ; a h
O "1 7 "0 0 Gdid pAi Q0
m a O
g “ " QD wjo Q 0 y
% iF e = > - c “J,,__,!,_'Q I OEQ ¢ Q h
O "1l Q”"@dQ0 djo p
a O
Ciem ~ —— T 9 I OED;aQ R & O
O "1l "@dQob
where
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0 0 ¢ P Ww p W

P Wjw P Wjw
c¢ wjo Al Q08
The horizontal wavenumber is given By , the¢  root to the characteristic equation, and the
phase velocity i8> 1 jQ . The valueX);, , Q; , andQ; vary with™Q@  since they are

functions of the horizontal wavenumber. The wavesystem described here will be attenuated for

complexQ to a degree depending tve magnitude of the imaginary component.
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CHAPTER 2
GENERALIZED NORMAL MODE SOLUTIONS FOR SEISM@ACOUSTIC
PROPAGATION SIMULATIONS

Consider the stratified ocean acoustic environment of a fluid layer overlying an elastic
sediment half spaagepresenting the seafloor. A point source, emitting either a compressional or
shear wave, is assumed in either the fluicherelastic layer. This work emplotfee elastic
Pekeris waveguidas an approximation to this environment. The Pekeris waveguypdesents
the bottom by an infinite fluid half space and has boundary conditions corresponding to
vanishing pressure at the sea surface, and continuity of both particle displacement and pressure
across the bottom interface. The elastic Pekeris waveguaesdibr an elastic solid bottom;
representing a fluid layer overlaying an elastic solid, with a pressure release surface above, and
an elastic half space beld\ilo treat he point source singularity,farcing function is
represented as a delta functibne adi ng t o a Gr e e fiThesmethadncti on f or
introduced in this paper can be applied to model situations where a purely compressional source
in the elastic medium is not physically realistic, such as thedpiéng problem which is
discussed. @er scenarios in which the introduced technique could be applied ird#teiding
unexploded omance, and modeling natural disasters occurring in aquatic environments such as
earthquakes, tsunamis, and volcanic eruptions.

To solve for the displacemepotentials associated with the waveguide, a normal mode
solution approach is usédn Section2.1 a general form of the Greer
normal mode solutions is introduced. Typically the equations for the compressional and shear
potentids must be calculated based on the location of the point source and the type of waves

being emitted. If the point source is in the water column emitting compressional waves, the
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equations for the potentials will be different than the equations found vamsidering a point
source emitting compressional waves in the se
function formulation developed in this paper allows for each of the possible point source cases
considered: a compressional source in the watssngressional source in the sediment layer; a
shear source in the sediment layer; a source in the sediment layer emitting both shear and
compressional waves; or a source at the interface emitting compressional waves in the water
column and both compressi@ and shear waves in the sediment layer to be included in the
equations found for the potentials. Using this formulation eliminates the need to recalculate the
equations for the potentials when changing the source type or locatiSection 2.2an
analytic solution obtained for a point source emitting compressional waves in the sediment layer
is compared with a wavenumber integration solution. Also, the normal mode solution found for
the point source in the sediment layer emitting shear waves is cetnggainst solutions
obtained from an elastic parabolic equation. The solutions obtained for a point source emitting
both compressional and shear waves are benchmarked against those generated by elastic
parabolic equations.
2.1 Normal Mode Solution Techique

Consider a timdnarmonic point source within the seisiaooustic environment that is the
elastic Pekeris waveguide. The waveguide considered throughout this work has a water column
of depthOwith constant compressional wave speednd density , overlaying an elastic half
space of constant density with compressional wave speedand shear wave speéd The
axes are oriented such that the dephpositive dowmward and is the radial distance from the
g-axis. Above the water column@t Tithere is a pressure release boundary. An azimuthally

symmetric cylindrical geometry is assumed in a rangependent environment. In all cases
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being considered, the paisource is assumed to have an angular frequensyrengti’y , and
to lie on thed-axis at positioni x 1 with time dependenc@

The compressional and shear displacement potentials are used, in particular for the
compres®nal potential in the water column, the compressional potential in the sediment layer,
and the shear potential in the sediment lalero, and . The potentials may be written in

terms of thanverse Hankel transform, summing over all polsswavenumbers:

% i - % QM0 Qi QQQ, (2.2)
% i - % QM0 Qi QJQ, (2.3
r ik - 1 QMo Qi QaQ, (2.4)

whereQ is the horizontal wavenumbandO is the Hankel function of the first kind. Vertical

wavenumbers are defined in terms of the medium and horizontal wavenumbers:

" Q Qh sQs 0

:‘}’Q ﬂﬁ sSOs 0

where'Q ¢H, the subscripts (1) and (2) represent a quantity associated with the compressional
field in the water or sediment layer, respectively, and the subscript (S) represents a quantity
associated with the shear fielchd'Qj; terms are defined such that the radiation condition of no

incoming waves at infinity is satisfied.

The equations for normal stress and tangential stress are given by,

, % ¢ OT & (2.4
S At
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with LamAxonstants_and* . The vertical) and horizontab displacements can be written in

terms of the range and deptapendent displacement potentials:

6 —h 6 —h
. (2.5)
6 — —ho — — Qr 8

and

where the shear modulus characteristic of a solid, implies 1. Complex wave speeds,
6 ® p QO andd @ p Q- are used so that loss in the bottom is accounted
for;®) and are the compressional and shear wave attenuations, in decibels per wavelength,
and— 1 ftl T @ . Both the compressional and shear waves have corresponding medium
wavenumbersQ 1 Tw,Q 1 78 ,andQ 1 ¥6 .

Bounday conditions are pressure release at the surface, continuity of vertical
displacement) , at the bottom interface, continuity of normal strgss, at the bottom interface,
and zero tangential stress, , at the bottom interface:

% Tata T,

O U ata O (2.6)
” ” at (:] "())
n mata QO
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Using a gener al Greend6s function formul ati
emit either compressionalaves in the water column or any possible combination of
compressional and shear waves from the sediment layer, or the interface between the water
column and the sediment layer. In order to represent all possible cases when deriving normal
mode solutionsa general formula is developed. The possibility of each case is allowed for by
| eaving the Greenods function associated with
derivation. The Greends function coaariespondin
denoteda®® , t he Greenbs function corresponding to
sedimentlayeri®©, and the Greends function correspond

sediment layer i%0. The general form oftheGneed s f uncti on i s given by,

Each Greendéds function is dependent on dept

dependent potentia%e QR , % QM , and Qi are defined as:

% QM 'O Qi 6Q f (2.6)

r Qe ol 0Q , (2.7)

% QM O QRy 6Q F 8Q (2.5)

whereo, 6, 6, andO are amplitude coefficients dependent on the horizontal wavenumber.
Applying the boundary conditions, given in (2.4), results in a systefour equations

with four unknowns that can be written in matsigctor form- @ A where

~ P ~ P B I |

o DEQ A mrQ h "y Q.

" Mias 1o s ¢a 1 connh @9
u T T ¢y KON o
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d 0:0:0:

and,
o O % [l
Ll —S — — 0 “OS 1
11 ¥
t n"17 0Os _Q ¢ — Os ¢ — —Q 0s (2:9)
1) . 1
u ¢—sS ¢— Q "Os ¥

The characteristic equation,

” ?’Q TQF]

ARO ——O0AD;0 1QO:0Q; c¢Q O h
Q Qp

is an environment specific equation whose roots are necessary for obtaining a solution for this
system. The roots of the characteristic equation are found by setting the determinaufuaf
to zero. Theseoots are referred to as hormal modes, modes propagating without loss.
Singularities occur when the characteristic equation is equal to zero.

Performing row reduction on the augmented matrigh determines the amplitude
coefficients. Plugging these was into the equations for the potentials results in,

%0 QM ﬁ 0 Q@

(2.10)
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17 ¢ QOEQ;0 O O ©
0 QAITGy0 10 O ¢6”" O
¢ Q00" AT Q0 @ " OEQ;0O ¢O O h

(2.11)

and,
Coaf —2 oot
Q@

Qf 0 Cmpei

¢y " OEQ,0 O "O O

¢, AT Q071 ” O O ¢6”" 0

0”6 Q ¢CQ AT G0 Wy » OEQ;0 ¢O O h

(2.12)

where

MO h 7”1 QO;0ED;0 06 0 TQQQ; ¢Q 0 AT G0, (213

is the characteristic equation multiplied'®y 6 Q; AT Q; "0, so that it does not have poles,

and,
"0 "Os h O — h © — o h
o — f0O _0 ¢ —0 KO — -0 § (219
o "'Os h © — h O ¢— Mo 8



The functionQQ in (2.15) does not have any poles and is used to determine the tarizon
wavenumbers in the complex plane through the use of thdimdatg technique developed by
McCollom,et. al®

Modal sum representations # i1 h , %o i, and  1hyx are found by applying the

residue theorem and using tBeing, Jardetsky, and Press integration contour and branch cuts:

7,8

0, Q" OETQ; ¢ O h

(2.15)
5 0O Qi 3 . .
% i Q - Q h 0 W, ¢ Q1"
Q0
N” ¢Q Q OEMQ;0 © "O O
™ ¢Q Q AiQg,0 1 "0 "0 ¢ ” O
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¢6 Q 00" AT Qg0 QQ 1 " OEQ, 0 ¢O

O h (2.16)

@]
¢

(2.17)

where vertical wavenumbers given in terms oféthehorizontal wavenumbé® are™Q; ,

Q;, , and’Q; and’Q Q s the first derivative ofQ’Q . The¢  horizontal wavenumber
satisfiesthe characteristic equation. Once the roots are found, (2.17) to (21%ea to
calculate solutions.
2.2 Examples
Two scenarios are considered to demonstrat
solutions: (a) a point source emitting a shear wavbe sediment layer; and (b) a source
emitting both compressional and shear waves in the sediment layer. Transmission loss (TL) will

be used to benchmark the normal mode solution against a parabolic equation solution,
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experimental data, and a wavenumipéegration solution. Transmission loss is a standard metric

of comparison in underwater acoustics and is defined by

4,1k oniel,
wherer) 1 hx is the acoustic pressure aindis the reference pressure 1 meter from thec A
source strength ol 1“j 1 " isassumed whef¥ is in units ofi j O Athis represents

the volume injection amplitude needed to produce a pressure amplitu@e/af 1 meter from

the source, a unit amplitude source.
A. Point source emitting shear waves in the sediment layer

When setting up the generalized Greends

f

(0]

|l ayer emitting a shear wave, only the Greenos

considered is used. this case,

"0 Q Re 8 (2.19)

The functions used withir2(17) to €.19) involving"O and"O are assigned a value of zero

and,

- Q Qr Q f h "O .
h h

Y 'rQ 7
T 05

@, Q4 QQ k h (2.19

0

Normal mode solutions are benchmarked against an elastic parabolic equation solution.

For this case, solutions are compared at a frequency of 15 Hz with a receiver depth of

¢ min (Figure2.1a) andd 1T wiw (Figure2.1c) and at a frequency 50 Hz with a receiver
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depth ofd ¢ m it (Figure2.1b) andd T w ko (Figure2.1d). The two solutions have

excellent agreement farther from the source and share similar curve shapes biesetode.
The solutions were also compared at 50 Hz using a source depth close to the iterface,
v Tt with receiver depths @f ¢ m it (Figure2.2a) andd 1 wiwo (Figure2.2b). From
these comparisons, it can be seen that the gener@éliced e n 6 s functi on f or mul e

C

handle not only varying frequencies and receiver depths, but also varying source depths.
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Figure 2.1: Transmission loss vs. range for a randependent environment with source depth
ofa @ T in. Thesolid line represents the solution from the parabolic equation (PE) method
and the dotted line shows the analytic solution for a point source in the sediment emitting a shear
wave. Frequencies of 15 Hz (a), (c) and 50 Hz (b), (d) are used at receivarafépth ¢ Tt it
(@), (b) andx T who(c), (d).
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B. Point source emitting compressional and shear waves ing sediment layer

Consider a generic seismic source: that of a point source in the sediment layer emitting
both compressional and shear waves. This mean
is set up, bothO and"O will be in the eqation. Additionally, a mechanism is needed to adjust
what percentage of the total wave being emitted is compressional and what percentage is shear;
the variableso andw are used to represent the percent of the wave that is compressional and
thepercent that is shear, whate & o p. For the formulation, the functions containing
"0 will all be setto zerolO and"O are defined as they were in the previous two sections, and

the remaining functions are determined to be:

"0 © Y epig s h "0 ©Y ¢ 1 q h
T“ ""'QF] h -[“ TIQF] C -I
"0 ﬁ"fﬂ)ﬁn i h "O — N QF Q & h (2.20)
"0 OV 0, QQ h O ©Y Q QrQ § 38
™ Qo ™ O 6%

Figure2.3 compares the normal mode solutions found for this case against elastic parabolic
equation solutions. A progressiohsolution curves, changing the percentage of the source that

is compressional from 100 % to 0 % in increments of 10%, is considered. In the cases used in
Figure2.3, the solution curve retains a very similar shape between the 100% compressional case
andthe 70% compressional case with the only notable difference being the increase in
transmission loss between each successive case. It can be seen that the shape of the curve does
not distinctly change until a very low compressional component is considéfleeh® TR Tt

the shape of the curve begins to change and rapid change occurs from this point until the final

case whered TL
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The normal mode and parabolic equation solutions were compared at a frequency of 15
Hz with a source depth &f @t 1t , and a receiver depth @f ¢ Tt ft. Four cases were
selected for comparisoly & mandw & 1a),&0 ¢ mndw & rtb), & Tand
W & 1c),andd & rand®d & t(d). In all four cases, the two solutions haxeeadlent
agreement, sharing similar curve shape and amplidsl®wer values ofo are selected, the
solution curve changes rapichg demonstrated in Figu?et where the cases T8t xa),
@ Tm8ruyb),® T8tpEc), andw 1(d) arecompared. Shear waves have greater loss when
compared against compressional waVeghe greater transmission loss of the shear wave
solution explains why the solution associated with the compressional wave dominates until there
is very little compressiad componentThis dominance of the compressional component has
also been noticed when modeling the compressional and shear energy in beach and island
propagation problems using parabolic equation methods indicating that this is a commonly
occurring physial property that should be looked into in more depth in the fdture.
C. Point source emitting compressional and shear waves at the interface
As an extension to Section 2.2 Part B, consider a point source located at the interface
a ‘OWhenthegenetai zed Greenbdés formulation is set up
functions’O , O , andO will be used in the equation; this case represents situations such as
pile driving at the seafloor. As in Part B the varialilesaind® will be used to represent the
percent of the source composed of compressional and shear waves in the sediment layer,
respectively. An additional variable is introduced to represent the percent of the source
corresponding to a compressional wave it he wat er col umndO anie Gr een
are the same as in the previous section and t

emitting a compressional wave in the water column is set up as follows:
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Figure 2.3: Transmigan loss vs. range for a rangedependent environment with source depth
ofa @ Ttim, areceiver depth @ ¢ it and frequency of 15 Hz. The solid line
represents the solution from the parabolic equation (PE) method and the dotted line shows th
analytic solution for a point source in the sediment emitting both a shear wave and a
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The functions used in equations (17) to (19)
written as:
o “2Yoiho 2 wosr o 2V
T Q; ™ 0 h ™ O
QY . . Y . .
" DO h _ ‘ ” h
O o My Q h "O 0 ¢ Q 1T Q h
O @ Y"CD~'Q f ho — M Q QpQ n h
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Figure2.5 shows tk analytic solution for the source at the interface v 1 irt (a), compared
to the analytic solution found for a soutmelow the interfacay v v it (b), and for a source
above the interfacé T v It (c);in thisexampléd & @&  p8tfor the case where the
source is at the interfacAs the source is moved across the interface, changes in the shape of the
solution curve can clearly be seen.
2.3 Discussion

Within this work, a general mode solution has been developed for sasmstic

propagation scenarios using the Greenbs funct

formul ation all ows the Greends function to be

computati ons. I't also all ows ainvaryngi nati on of
proportions which allows for solutions for the case where there is a point source emitting both
compressional and shear waves. The simplicity and effectiveness of this formulation makes it an

excellent alternative to previous techniques usdthtbthe normal mode solution for the ocean
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Figure 2.5: A rangéndependent environment with a frequency of 50 Hz and a receiver depth of
& ¢ min. The analytic solution for a point source emitshear waves in the sediment layer
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@ v it (a) compared to the analytic solutioncat v v it (b) andd 1 v T ().
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acoustic problem of the Pakgewaveguide with an elastic bottom. The generalized formula
could also be altered for use with other ocean acoustic problems.

The accuracy of the generalized normal mode solution in various scenarios was
demonstrated. It should be noted that althougtshotvn in this work, the formulation shown
here is capable of producing solutions for a point source emitting a compressional wave in both
the water and the sediment, which has also been compared in severatwdtk€omparisons
to the case with a [p@t source emitting shear and combined waves were also performed. An
accurate comparison of this type, using normal mode solutions has never been achieved prior to
this work. The ability to obtain an analytic solution in good agreement with elastic parabol
equation solutions demonstrates how this method can be extended to both scenarios previously
considered and to new cases, such as representing a shear wave point source and, looking
forward, to simulating generic seismic events.

The gener adtion@®rmealationdos nofmal mode solutions was also able to
model scenarios where the point source in the sediment layer emitted both compressional and
shear waves. Through the use of coefficigthte percentage of compressional and shear waves
being emited is easily varied. The progression shows that the compressional component
dominates the solution until the total wave being emitted by the point source is legsrthan
compressional. While the dominance of the compressional wave is expected frosicalphy
perspective, this is the first time it has been observed in such a progression. Additionally it has
been shown that the generalized normal mode solution is capable of modeling a point source at
the interface emitting shear waves in the sediment Eyd compressional waves in both the
water column and the sediment layer, a scenario which the elastic parabolic equation is currently

unable to simulate.
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The generalized normal mode solution technique would be of great use in situations
where using a pety compressional or purely shear wave as a source does not adequately model
the considered scenario. Since a purely shear wave is not physically realistic, using a combined
source will allow the modeling of more realistic scenarios. One example of his driving
and its impact on aquatic creatures; many studies have been conducted recently considering the
effects of pile driving on fish, including some which are protected under the Endangered Species
Act, such as the Pacific salmbhThe sound prodied by pile driving differs from sounds
produced by sonar, seismic air guns, and pure tones, the effects of which have been previously
studied** Due to the difference in the sounds, extrapolation of the previous studies cannot be
used for the pile drivingase®® Since the generalized normal mode solution technique is able to
model any combination of compressional and shear sources, it could be adjusted to study the
acoustic field produced by pile driving. Using the generalized normal mode solution, the
frequency of the sound produced, depth of the water, and other environmental conditions can
easily be changed; this allows for piles of different composition (e.g., concrete, wood) to be used
in the model and for different locations (e.g., rivers, oceabhgtosed as the environment.

In the future, elastic normal mode solutions could be extended to include range
dependent scenarios. This would allow for a sloping ocean floor and provide results that are
more accurate than current strictly rangdependentadution. The developed solution can also
be adjusted for use in cases considering multiple point sources and multiple layers of different

materials.
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CHAPTER 3
EARTHQUAKE MODELING

All seismic point sources, such as earthquakes, can be described usmg sEment
tensors. Seismic moment tensors can completely describe the equivalent forces of the point
source which can then be related to physical source models. This relationship between seismic
moment tensors and physical models allows seismic momesareto be used to find
information about earthquakes, such as the strike, dip, and slip of the fault. In addition to being
used to find characteristics of the fault, seismic moment tenaaralso be used to find what
percentage of the earthquakemnppsed of compressional wavasd what percentage is
composed of shear wavddie information found by examining the seismic moment tensor is
typically displayed as a focal mechanism, a,lkadeachball, such as those shown irufeg3.1.
The first row in kg. 3.1 depictgsotropic moment tensgrse., moment tensors corresponding to
a source emitting only compressional waasgxplosion is shown on the left and an implosion
is shown on the right. The following three rows are dowubleple sources.e, sources that are
partly composed of shear wavasd the remaining rows contain compensateghlirvector
dipoles (CLVDs). Compensated linear vector dis@ee thought to occur in volcanic regions or
due to earthquakes of differing geometries which oatmost simultaneously on nearby fadits.
Compensated linear vector diptoill not be considered here; the focus instead will be on
isotrapic and doublecouple events.

When a source cannot be described pgraly compressional or shearent, a moment
tensor decomposition can be found. There are several standard moment tensor decompositions.
Since this work is focused on the isotropic and doublgple moment tensors, a decomposition

which represents the moment tensor as a sum of an isotropic parteanddhbblecouple
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Figure 3.1: Moment tensor and beachball representation of isotropic evérds/j1double
couple events (2 and ¥ rows), and CLVDs (last three rowX).

components is seleaté® Using this decomposition, any moment tensobeing considered can

be written as,

P . . LR
sS4 a a cy0(0(=|==|= + +

Qlo

« & ++ ++
fa o« ++ ++ 0

where kis the identity ratrix, & is the’Q eigenvalueof the moment tens&md=|= is the'Q

eigenvectoof the moment tensoBince the percent doubt®uple of an earthquake is easily
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found using the moment tensor and all moment tensors can be writsatrapic and doubte
couple components, the generalized Greenods fu
developed in Chapter 2 may be used to model earthquakes. It should be noted that the
earthquakeshosen for modeling are not CLVD events and #te # be represented as a single
point source.
3.1 Forming Forcing Terms Using the Moment Bnsor

In order to model an earthquak@phd in Eq. 1.1 should be replaced with a similar term
derived from t he e aln€haplen2 thkeecése of empuralg compressionas o r .
source and the case of a purely shear source were combined in order to obtain a solution for a
sourceemitting a combination of compressional and shear waves. Since modeling an earthquake
requires a source with both compressional and shear components, an isotropic moment tensor
will be used to find @pecific’QMD corresponding to a purely compressibsource and a
doublecouple moment tensor will be used to fin®ahd corresponding to a purely shear
source. The case where an isotropic moment tensor is used will be considered first.

It has been shown in prior works that the elements of a maeresdr may be written in
terms of delta function®. The isotropic moment tensor may be written in terms of delta

functions as,

I 1l
~ L L Tt Tt Y
1 p T T[.’. 11 1
mop Tl T _—_ 11 ; (3.1)
|1‘[ TT "" 11 ]
u U 11 Tt Tt —
u U

When dealing with seismic sourc&@po is often written in terms of a compressional forcing

term and a shear forcing term.?° The combined forcing term is given as,
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I & 8 (32)

In the case currently being considered, the shear forcing term is zero resulting in a forcing term

of,
QD B h
where,
I Il
11— B ]
11 '
B 1+—BB 3.3
11 Y]
1 B 1
u ¥

Writing the nonzero componentsB§. 3.1 as a vector and ey it equalto Eq. 3.3esults in,

%% r'l v Il
l——1 II_Bl’l
11 Il 11 ]
% B 1—BB (3.
11 7 11 ]
1~ ll_Bl,l
u ¥ u ¥

Solving each component &q. 3.4results in the compressional forcing term,

101 a &
B C“i o

The doublecouple forcing term can also be found using a similar technique. The double

couple moment tensor can be written in terms of delta functions as,

o Il
TT T p 11 Tt Tt - Y]
mom oo :: i i n '8 (3.5)
P b— & T

u ¥
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When finding the doubleouple forcing term, the compressional forcing term in Eq. 3.2 is zero

resulting in,
I A
where,
o Il
1 - U.l —_— LLI ]
11 ]
=W —y 8 (3.6)
11 Y]
T — i W —W
u U3

Writing the nonzero componentsB§. 3.5 as a vector and setting it equal to Eq. 3.6 gives,

o ¥ o 'l

0" o ——y —yY 1
. 11 1

o N ow - @
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a ' T — Yy —W

u U u Vg

Due tothe axial symmetryof the environment being considered,

Ty o
T—= 1=

and the—component of  w does not have to be considerethere are therefore only two

h

components of Eq. 3.7 being considered:
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fa Td& ¢
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Figure 3.2: Magnitude 6.1 Bella Bella, Canada earthquake of 2013. Centroid location and
percentage double couple are shown in the left box. The earthquake focal mechanism is shown in

the right box.

Solving the scond equation results in the homogeneous solutian of 1. The first equation

will therefore be used to find the shear forcing term. Solving the first equation results in a shear

forcing term of,

111 a &

oy 8
c“ i

Since the momernensors are proportional to the delta function representations, any scalar

multiple of the selected forcing terms are also valid forcing terms.

Now that a compressional forcing term has been obtained for isotropic moment tensors and a

shear forcing terrhas been found for doubteo u p | e

mo me nt

tensors t

formulation for normal mode solutions can be used to model the acoustic field in the water

column generated by an earthquake. Two earthquakes will be considered, the, 221 3¢dlla

Bella, Canada earthquake and the 20Q6M Azores Islands earthquake. Figure 3.2 shows the

centroid location and percent double couple of the Bella Bella earthquake obtained from the

United States Geological Survey (USGS) website.each of the events Ingi considered, the

percent

doubl

e

coupl e

found

by

t

he USGS wi

h e

formulation to weigh the compressional and shear forcing terms found using the moment tensor.
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Depths

-132° -130° -128°

Figure3.3: Historic seismicity for the Belladla region since January 1976. Focal mechanisms
are shown for all earthquakes with magnitudes of 5.0 or above. The top left inset shows the
location of the 2013 Bella Bella earthquake on the globe. The bottom left inset contains the focal

mechanism fountly the USGS for the Bella Bella event.

3.2 September 2013 Bella Bella Earthquake @nparisons

The first event being considered is thg B11 Bella Bella, Canada earthquake that
occurred on September 3, 2013. The historic seismicity since 1976 of th&8kdlarea is
shown in Fig. 3.3 with focal mechanisms colored according to centroid depth. According to the
USGS Did You Feel It? (DYFI?) report and ShakeMap, the event caused very light damage to
the surrounding area and was perceived as moderate shakimder to model the sound
propagation in the ocean generated by the Bella Bella earthquake using the technique developed
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52



Loss (dBre 1 m)

60

701

801

90r

100

1101

120

1301

1401

150

0

-—--05
7 =3a -—-—-1.0
. R
J~ |
IZAMEN s
{—Xi{—‘§§3 __/.,\
AT
v t\:\/ Y A ] Y (S
S AT PN A I
AR NS
f
) il Y
n 1|' t
{

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Range (m)

Figure 3.6Transmission loss vs. range foremgeindependent environmensing he 2013
Bella Bella geoacoustic parameters and compressional attenuation®\d¥D,0.5A "1}, and

1.0AN.

in Chapter 2, the shear wave speed, compressional wave speed, solid density, and shear

attenuation values must be found. All of the required values are dependent on the sediment

composition found where the event occurred.i@edt composition can be found using the

National Oceanic andtmospheric Administration (NOAA) NOS Hydrographic Survey Data

and Index to Marine and Lacustrine Geological Samples (IMLGS) datalidhese

databases use data gathered from a combinatisediment cores, dredges, and grabs to detail

sediment compositioaf the seafloor. Once the dle@r composition has been determined, the

wave speeds, density, and attenuation can be found using geoacoustic tables, such as those

developed by Edwin Hartdn in 1980°* 2*The geoacoustic parameters, seen in Table 3.1, can

then be used withthge ner al i zed

Greends function

curve for the Bella Bella event, shown in Fig. 3.4.
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Figure3.7: Historic seismicitydr the Azores Islands region since January 1976. Focal
mechanisms are shown for all earthquakes with magnitudes of 5.0 or above. The top left inset
shows the location of the 2009 Azores Islands earthquake on the globe. The bottom left inset
contains the foal mechanism found by the USGS for the Azores Islands event.

Sound propagation in the ocean caused by an earthquake has never been previously
modeled so there is no solution to compare with the generated transmission loss curve. In order
to demonstratéhe validity of the analytic solution obtained, the frequency of the event and the
compressional attenuation used will be varied and the resulting transmission loss curves will be
compared. Physically, it is expected that increased frequency will resatireased
transmission loss. Increased attenuation is also expected to result in transmission loss increasing
more rapidly with range. The effects of changing the frequency of the event are shown in Fig.

3.5. The frequency of the event was decreased thhenoriginal frequency of 15Hz to a
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Figure 3.8 Transmission loss vs. range foraageindependent environmeunsing the 2009
Azores Islands geoacoustic parameters.
frequency of 5Hz in increments of 5Hz. As can be seen in Fig. 3.5, as the frequieiccgased,
the transmission loss also increases as is physically expected. The transmission loss curves
obtained when the attenuation is altered can be seen in Fig. 3.6. In Fig. 3.6, the attenuation was
increased from the lossless case of zero attemuatiincrements of 0.A "7 to an attenuation
of 1.0A "N . As was expected, as the attenuation increased, the transmission loss also increased
with range. The agreement of the results shown in Figs. 3.5 and 3.6 with the physical expectation
of transmission loss increasing witietincrease of frequency and the increase of attenuation
confirms the validity of the results.
3.3 April 2009 Azores Islands Earthquake @mparisons
Now that the sound propagation in the ocean generated by the 2013 Bella Bella event has

been modeled, th2009 M,, 5.9 Azores Islands earthquakél be used as a source to
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Figure 3.9 Transmission loss vs. range foramgeindependent environmefdr the 2013 Bella
Bella earthquake and the 2009 Azores Islands earthquake.
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demonstrate that the parameters associated with the earthquake, such as the percent double
couple and depth of the event, are also affecting the final results. The Azores Islands earthquake
is shown in Fig. 3.7 along with the historic seismicity of the surrounding area. The historic
seismicity shows all earthquakes of magnitude 5.0 or greats $8v6 with focal mechanisms
colored according to centroid depth. The geoacoustic parameters of this event, shown in Table
3.2, were once again found using the NOAA databases to find the sediment composition of the
area and then using geoacoustic talasatch the sediment composition with the appropriate
wave speeds, solid density, and shear attenuation. The transmission loss curve for the Azores
Islands event is shown in Fig. 3.8. A comparison of the transmission loss curve generated for the
Bella Bella earthquake and the transmission loss curve found for the Azores Islands earthquake
is shown in Fig. 3.9. This comparison demonstrates the differences between the two events
brought about by their differing source location, centroid depth, and perceyié douple of the
events.

The generalized Greends function techniqgue
propagation in the ocean generated by an earthquake could also be used in academic
applications. Once such application is studying how sediment tigpo which is typically not
taken into account when modeling an earthquake, affects the acoustic field generated by an
earthquakeFigure 3.10 demonstrates how changing the sediment composition of the Azores
earthquake from gkel to clay or limestoneli@rsthe transmission loss curvedtudying how
changes in the physical environment affect offshore earthquakes can provide insight into natural
disasters such as tsunamis. The majority of tsunamis are caused by great earthquakes occurring
along subductio zones at shallow depthsSedloor recorders that measure pressure in the

ocean are used to monitor tsunamis and send ahead early warning%ighelsbility to model
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tsunamigeni@arthquakes combined with knowledge of subduction zone locationgtaitya
could be used to determine areas at higher risk for tsunamis and specific parametipth,e.
magnitude, sediment composition, requifedan earthquake to generate a tsunami in a given

location.

Table3.1 Physical ParameteBella BellaEarthquake

Parameter Value
Bottom DepthH (m) 1840
Liquid Density,” CIA | 1.0
Solid Density”  Gfo & 2.5
Compressional Speed Liquig, | 7O 1500
Compressional Speed Sold, | 7O 4500
Shear Speed Solid) | 70 2500
Compressional Attenuation, A "N 0.1
Shear Attenuation, A "N 0.2
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Table3.2 Physical Parametefsores Islands Earthquake

Parameter Value
Bottom DepthH (m) 1603
Liquid Density,” CIA i 1.0
Solid Dersity,” G & 2.0
Compressional Speed Liquig, | 7O 1500
Compressional Speed Sold, | 7O 1800
Shear Speed Solid) | 70 1760
Compressional Attenuation, A "N 0.6
Shear Attenuation, A "N 1.5
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CHAPTER 4
A COUPLED MODE SOLUTION FOR BISMO-ACOUSTIC PROPAGATION IN A
RANGE-DEPENDENTELASTIC PEKERIS WAVEGUIDE

When modelingan ocean environmerd horizontal bottom is often used as an
approximatiorof the seafloarAlthough this approximation mccurate in some cases, such as
when considering deep water, in reality the ocean bottom is characterized by many changes in
bottom slope making a horizontal bottom approximation unsuifdiiethe situations where
bathymetry varies in range, a rarg@endent environmeilatallows for a sloping sél@or can
be used.

Consider the stratified ocean acoustic environment of a fluid layer overlying an upward
sloping elastic sediment layer representing the seafBwutions can be found for this
environmenm using the parabolic equatiapproximatiorhowever a coupled mode solutidmas
not previously been developetl coupled mode solution is an extension to a normal mode
solution which allows modes between range regions to interact with one another gia mod
coupling. This mode coupling technique was first applied to an environment approximated by a
Pekeris waveguide in the 1980y Richard Evan€Bui | di ng of f of Evansod t
work done in Chapter 2, a coupled mode solution is found fapabpeenvironment
approximated by a finite number of adjoinietastic Pekeris waveguige

The environment being considered can be approximated éhastic Pekeris waveguide
splitinto 0 regionsof depth’Q where each region ends at rangéQ pfE ho p and
'Q phE M . This method of approximatiritpe sloping bottonby a series of flat staces is

referred to as a stastep approximatiarFigure 4.1 shows fave regionapproimation to the
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Z
Figure 4.1: Fivaegion elastic Pekeris waveguide with upward sloping botRmessure release
interfaces are locatedat manda 08

slopingelastic Pekeris waveguidia addition to the pressure release surface locatéd at, a
pressure release interface has been includéd atQ The inclusion of this second pressure
release interface is necessary for correct coupling to o€badepthsQandQ of each
adjacent regiom the upslope cadeave the propertf2d "Q
4.1 Interface Conditions

There are two types of interface conditions being considered: (i)-depé&mdent
interface conditionsand (ii) rangedependent interfacsonditions The deptihdependent
interface conditions argpplied in the same manres the boundary conditions discussed in
Chapter 2. For the rangkependent elastic Pekeris waveguide, the boundary conditiar(g are

pressure release surfai) continuity of vertical displacement at thgerfaced "Q; (iii)
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continuity of nomal stress ai "Q; (iv) zero tangential stress@t "Q; (v) a pressure release

interface att 'O When applying the ranggependent boundary conditiotiere are three
different interfaces that must be accounted for: (i) filudd interface;(ii) fluid -solid interface;
(ii) solid-solid interface

The equations for normal stresses and tangential stress’@ thgionare given by,

. A% ¢l &
" _"N %o C‘TOT (’} (4.1)
. 10 T0
: ta 1

with LamAzonstants_and* . The vertical) and horizontab displacements the'Q regioncan

be written in terms of the range and degépendent dplacement potentiafs:

6r —2h 0 —h
- - . N 4.2)
6p —° "hop —L boTQr g8
The fluidfluid interface conditions are continuity of horizontal displacement,
O0p Op ati i, (4.3)
andcontinuity of normal stress,
» S S - 1 B (4.4)

At the fluid-solid interface, the interface condits are continuity of horizontal displacement,
0np Of ati 1, (4.5)

continuity of normal stress,
» R " Foati 1, (4.6)
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and zero tangential stress,
m o, [ ati o i. 4.7)
The finalset of interface conditions, for the se8dlid interfacearecontinuity of vertical
displacement
Op Of ati i, (4.8)

continuity of horizontal displacement,

0p O ati i, (4.9)
continuity of normal stress,
y Eow poati i, (4.10)
and continuity of tangential stress,
. R ., Foati 1. (4.11)

4.2 Rangeindependent Solutiom

Before the displacement potentials for the radgpendent case can be found, the
solutions for the rangmdependent case must be compuldte addition of the pressure release
interface att  "Oresults in displacement potentials similar to those fanr@hapter 2 but with
the inclusion of upward traveling waves in the sediment layer. Assuming a point source located

in the water column, the displacement potentials may be written as:

%o, QR —Q "% 2 5Q A H6'Q fh
.[“ hﬁ
%or, QM 6 Q 6 Q h (4.12)
[ 5 QR 6 Q 6 'Q h
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whered ,0 ,0 ,6 ,0 ,andd are amplitude coefficients dependent on the horizontal
wavenumber.
The depthdependent boundary conditions can now be expressed as:
%o Tata Th
Of Upatd Oh

, B , Fata "Oh

. R Tatd oh (4.13)

% Tata Ch
[ Tmata 'C8
Applying the boundary conditions in (4.13), results in a system of six equations with six

unknowns lhat can be written in matrivector formd e 4, where

o

LoP o T i T 1
1 1@ Q) F‘TQH ()] % F‘TQH "@'25 "fDﬁ 7Q 7Q
i I'Q R” -I 'Q h” -l c 'Qx ” -l c 'Qx ” -‘ c"m 'Qﬁl c"mﬁ 'Q 'Qﬁ ¢
0 I
T T @ ¢ QO Q0
I v y
I i s 0 % & 9 % s s
Ll n . T I 0 & Q %
u
v 1l
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In order to obtain a solution for this system, the roots of the characteristic equation must be

found by setting thdeterminant ob equal to zero:

n AAD @ %% H %% o wdhgo % cog
@ @0 g1 0% tdgo o
m Q:{ NK&?,D 1 0 G CNKA?,., s C?g(; m} Nféﬁ
Q?u ~§£D 1 0 ggﬁp goH ggj( goH Cﬁﬁfb . CTﬁ.fféﬁ c?g‘;
q ~(g’;; 13?,., 1 A R C?éfp s ng{
gR O d1 e & 4 g
quhﬁ}n CT{&% @ ”f&(f,, ~£§p 1 o % G Cf&?;.) s
@ 4 g1 o0 B ko
G ?3(; 23?;17 1
o hE BERE Qe Al @

O xg; ¢ E”ﬁl’i,vp OEIQ 07§ *fgfbA I mg?,,, cﬁ}( o

@1 Al@ 0@ ¢ @e @ @ Al @
oq § B9 § ° OEl 0@ @ OEk
04 @

Performing row reduction on the augmented maﬁisﬂ- determnes the amplitude coefficients:
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Theseamplitude coefficients can then be plugged into (4.12) taiobhe displacement

potentials:
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Modd sum representation for the displacement potentials can be found by applying the residue
theorem and using the Ewing, Jardetsky, and Press integration contour and branchvasts, as
done in Chapter 2. Once the roots have been found for each aegi@nseparable solution has
been determined for region one, the radgpendent boundary conditions can be applied along
with a radiation condition and source condition to determiaestutions in the remaining
regions.
4.3 RangeDependent Solution

Using the separable form of the solution along with the charaatexguation, the
eigenfunction®f the problem can be found. Hergjs the eigenfunction which has differing
values forthe water column and the sediment layer, and accounts for both the shear and

compressional components of the sediment layer. The eigenfunction is normalized to obtain:

B Qi 1 w QR
where,
p e
r ” d u‘l Qm Qa

The solution in each region can now be given as:

%op, 1 N Oy ri Opxri B Qphah
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and, (4.14)

[ & i O'Opr i O 1 B QiR h

where,

~

Q pB M hd "Qfor% i, Q & "Ofor% ihx andl § iy hand,

o O Qi r]

h | = I
O Qi

3 o Qi .

Qp ol — —h
O 'Qﬁ |

are ratios of Hankel functiorf&.?* *3When evaluating the ratios of Hankel functionshiould
be noted thait i whenQ p. The coefficients in the first region can be found by applying

the source condition of,

and the boundary condition at infinity,
O mforg ph8H),
where® 'Qp are the coefficients from the rangelependent solution that are only dependent

on the horizontal wavemrmbers. Source conditions and boundary conditions at infinity can be

found in a similar manner for the remaining displacement potentials.
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Once the solution in the first region has been found, the @@gendent interface conditions can

be applied and thellowing recursive relationship between the coefficients in adjacent regions

is obtained:
p . %L .
(@) R E (0] QﬁhQﬁ —— 0O Qﬁth (1) Rl O f
h
p o Qo 5
E o Qﬁ Qﬁ —0 QﬁhQﬁ (@ G-l Oﬁh
h
P S Q.
Oﬁ - 0] QﬁhQﬁ —0O0 Qﬁth (@ - Oﬁ
c 'QF]
P v k v v ” v ~
E 0] Qﬁ Q; — O QﬁhQﬁ (| Oﬁh
h

whered andd are the coupling integrals, given by:

5 O B Qe 0 06
6 00 ——b Of b 0 08

The recursive relations can be set up in mategtor form as,

= ML ﬁ (4.15)
-ﬁ nY nY -F] .
where,
YOY O Ya o YR o2 YR Vi
Y Y Y Y Yi Y
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B . is a vector containin® ;, and® ; is a vector containin@ .

The'Y ;RY {RY ; RY  matrices are given by:

vi o & Of
C

vi 26 & of
C

vo 5 o of

and,
vi 26 & oR
C
whered is a matrix made up of right coupling integrals,is a matrix made up of left coupling

integrals multiplied by a ratio of horizontal wavenumb&bsjs a matrix composed of ratios of

Hankel functions of the first kind, ari@ is a matrix composed of ratios of Hankel functions of
the second kind. Applying the flusblid and soligsolid interface conditions given in (4-5)
(4.11) to the remaining displacement potentials in (4.14) allows recursive relationships to be
foundin a similar manner fo®; HOy; HRQ; hand'O; 8
The source condition and boundary conditiom &s Hbcan also bexpressed in matrix
vector form as,
Yy "yo®, Yl (4.16)
YE L. YELh (4.17)

whereO s a diagonal niaix containing values of



and®is a vector containing

4.4 Implementation Considerations

In order toaccurately implement this technique, an appropriate depth ftowes
pressure releaseterfacemust be found. One technique that can be used to find the best depth
for "Ois to perform an analysis computing the difference in los®df |, selectingie Ovalue
that results in ai A "difference in los$® The depth selected f&@®must be sufficiently deep so
that significant energy is not returned to the water column but not so deep that the solutions of
the coupling integrals become too largatierically evaluaté® The implementation of the
matrix-vector system shown in (4.15) must also be considérextder for (4.15) to correctly

multiply, each matrix,

¢

v :
Y Y

>5¢

must have the same dimensions. The dimensidhe matrix is dependent on the number of
horizontal wavenumbers found in each region. Physically, it is expected thatupslope case,

the deepest region will have the most modes and as the depth decreases, the number of modes
will also decrease.fis results in progressively smaller matrices as the regions are iterated
through. One option that can be used to ensure consistent matrix size is to fill the remaining
entries of the matrix with zeros once all of the modes in a region have been conSileredl|

result in a sparse matrix and require that a pseudo inverse be used wherMipdin¢.16).

Another option to ensure the matrices in (4.15) are all the same size is to use evanescent modes

in addition to normal modes within the sobrti This technique is more computationally
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intensive when compared to filling the matrices with zeros since the evanescent modes in each
region must be found prior to setting up (4.15). The evanescent modes have large imaginary
components which will leadtthe ratios of Hankel functions in (4.14) evaluating to zero. It
should be noted thaithough using evanesnt modes works in (4.14), if other forms of the

ratios of Hankel functions are used, a different recursive relationship is found involving
denomirators composed of ratios of Hankel functionisthis is the case, evaluating the

evanescent modes will result in the recursive equaggaluating to infinity.
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CHAPTER 5
NORMAL MODES FOR WPHASE MOMENT TENSOR INVERSION

In addition to feing used in the field of underwater acoustics, normal modes have been
used for years in seismology allowing for accurate synthetic seismogram calculations and the
derivation of centroid moment tensors which provide improved earthquake characterization.
When considering normal modes from a seismic perspective, the environment under
consideration is now the earth rather than ttesa. In order to approximate the earth, a
reference earth model is used in a manner similar to how the elastic Pekeris waweguiged
to approximate the ocean environment. Many reference earth models have been developed over
the years such as the Spherically Symmetric-Rotating Elastic Isotropic (SNREI) model and
the Preliminary Reference Earth Model (PREMbh more accuratenodels constantly in
development! **Here the SNREI model will be used the starting reference modeld the
PREM model will be assumed when discussing’ase inversion techniques.
5.1 Normal Mode Solutions of the Earth

Before using inversion teciques to find seismic moment tensors, a normal mode
solution for the displacement must first be found. The digptant is governed by the

elastalynamicwaveequation,
"—0 ‘'m0 _ ¢ 3h (5.1)
with density’ i LamAmonstants_and* , displacement » , and forcing terry .* The
elastodynamic wave equation can be reduced to the wave equation used in the previous chapters,

i.e., Eq. 1.1, bypplyingappropriate assumptionsquation (5.1) can be rewritten as,

¢ nni» ‘non O "Oh (5.2)
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whereo T € 1 o andy  mfor simplicity. Using cylindrical coordinates h-Ri |, let6 be

the displacement in thedirection,b be the displacement in thedirection, and) be the
displacemenin thea direction. An assumption of axial symmetry results in no dependenee on

Equation A.1 may now be written in terms of displacements using the substitutions:

n» -—1i 6 —0uh (5.3)
n (5.4)
nonoo —6 (5.5)
non 3 —6 -—60 —6 —0 @ —0b6 -—0 (5.6)
Substituting (5.3)5.6) into (5.2) results in the two equations of motion,
_ ¢ —06 -—60 -6 —u ‘* —06 —/uv " —06h (5.7)
ST B i T T
The displacements can be written in terms oéptéls%e.andw as:
6 —% —mh (5.8)
TT—C:x%o ‘IETT_ii w8

Plugging (5.8) into equations (5.7) yields the two equations of motion in terms of the potentials

%oandw . Inserting (5.8) into the first equation of THresults in:

1, r .. e, pt . pr, pr. o

- R aT e M T % i i & far
IR T T T
ol it i @ IR T T
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T el RS PV
—. o W TC‘JTiAOTéDS

Par it i
Simplifying and bringing the terms dependentorio the left side of the equation and the terms

dependent obtoto the right side of the equation gives,

I PR PR p1 . PT

To T a Ta TiTa iTiTaifla
”T_ T_o ¢ ! 9 ET 0 BT_O ! o/ R
T(‘)T‘l/)o _ Q T‘IAO‘IT‘I A)OIT‘IAOT(:]T i/)oh

which simplifies down to,
— "0 ‘T —w — " — %o ¢ N %8 (5.9
Inserting (5.8) into the second equation of (5.7) results in:
‘ T [o) T . ET [¢) ET . T 0 T . ET_

- S raiia® TitRiie? fariia”? g
T I . YR R
Trartiia® fartiiim ©

T, I . T, 1 pT
far e far i i ®

Bringing the terms dependent anto the left side bthe equation, bringing the terms dependent

on %to the right side of the equation, and simplifying gives,

pT . T . C T C o
. — W HT‘lw TQTC)AO _ ¢ 1 %oh

which further simplifies to,
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— N —®  —"—% _ ¢ N %8 (5.10)

One way to solve (5.9) and (5.10) is to set both sides equal to zeroresidts in two

equations:
"—% _ C' N % Th (5.11)
and,
"—w Mo —w ™8 (5.12)
Rewriting (5.11) and (5.12) with,
® TT—,Ir h

gives the wave equations for the scalar compresspmiahtial%.and the scalar shear potential
[

S §

N %o —————%H
- ¢ To
T
n -
[ .bes

When using (5.1) with an earth reference model, a spherical coordinate syt ,
shown in Fig. 5.1, is assumed. Using ®BNREI model, the eigenfunctiofis can be written in
terms of scalar function¥ , @ , andow (e.g., Gilbert and Dziewonski, 19783 either
eigenfunctions of spheroidal normal modes,

” Y on O —Rkoh (5.13)
or eigenfunctions of torsional normal modes,
t W »—Heo 1N
with spherical harmonio® —H%o hradial orde hspherical harmonic ordéhazimuthal order
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Station
(r, @, ¢)

y (West)

x (North)

Figure 5.1: Definition of the coordinate systé

a 8 The gradient operatar is given by

T I
P— AOA —
n T_O T%g

wherew, P and’ are unit vectors in the directions of increasing-and%.>" 3¢ 37+ 3839
All displacement at the surfacktbe earth can be expressed as a linear combination of the

eigenfunction® d**
O D ® 00 »h

where® O are expansion coefficients
The solution to (5.1) with a forcing term at pogiti® given by,
s Loy » »goh

whered is the moment tensor associated with the forcing terngaadis the Heaviside step

! Spheroidal and torsional modes both have horizontal components making them both necessary whéingnode
changes in the horizontal positions of sites. Only spheroidal modes have a component in the radial direction
resulting in torsional modes being unnecessary when modeling changes in the vertical position of sites or changes
in the rotation or gravity bthe earth™
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function, can now be given &5:
od B —1dg » ¢ »p AiG6Q 1 8 (5.19
In (53),d ¢ is the contraction over two adjacent indices (De.- ),] is the

eigenfrequency of th® normal mode]) is the associated dissipatjandt is the strain

tensor associated with » made up of components,

(0] —0 8

p1, ]
¢ Ti Ti

—a

5.2 Moment Tensor Inversion

Equation (5.3 can be written in matrixector form as:

3 3 o .

h ~h g -~ h_ on Ll
e E o np 0

hooh & -~ Rald - 0
No) E O Yo ﬁ 51
S0 B0 Lbn (5.19
1€ e E e Ialll!l‘) Nl )
wh 6" E oMb n O

wou

whereo is the displacement at receiver stati@i is the’@ componenbf the moment
tensor, ana his the synthetic displacement at stati@omputed for a moment tensor where
only O 0.3 The synthetic displacement can be found by letting the three componergs of th
displacement at a poidtbe given by:

6 0 0 o oh 0 6 arh— 0O O aWe 0O O A\h—h

6 0o 0 6 onh 0 6 o0FHh— O 6 oW O O A)h—h

6 6 0 0 oM 0 0 dHDh

where, the) component of displacement due to a soiirce  p is given byd o Fe

which can be found using (5.2) and (53’ The displaement at a different poit with
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Figure 5.2: Wphase centroid moment tensor inversion timeline following an earthquake
occurringab Tt Following the receipt of data, a preliminary epicenter (PDE) is determined.
This epicenter is used to perfoan inversion to find a starting estimate for the magnitude of the

event. A grid search is then performed to find the best fitting time delay followed by another
inversion to find a better fitting characterization of the event. A second grid searctorsnaetf
to find the best centroid location followed by a final inversion providing the best characterization
of the event. This is done twice, first using all stations withinfeepicentral distance and then
using all stations within e frepicentradistance. The togdures show the findbcationfor the
2006 Kuril earthquakgiven by the preliminary epicentestimate (PDE centroid location), an
alternate inversion technique (GCMT centroid location), and thgh¥ée inversion technique
(WCMT centoid Iocation) The number of channels used after data screening is given fxy
the azimuthal gap, andis the epicentral dlstance The horizontal axis represents increasing
time*
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azimuths can be found in the same manner but with rotated motm@esbr componenis

used instead where,

0 'YOYh
and
AT OEHF
Y OEH Al n8
T T p

The displacements are recorded at each station so once the synthetic displacement
potentials have been approprigtealculated, (5.4) can be inverted usimguaconstrainetinear
least squares technique to find the six moment tensor elertiedditional physical constraints
are known, for example, if the source is assumed to have no net volume chanbpe, i.e.,

0 0 , these linear constraints can be included in the least squares invéh&anitial
moment tensor inversion is performed using an initial estimate of the centroid position, i.e.,
longitude, latitude, and depth, of an earthquakeaamiitial estimate of the timghift, i.e., a
value that shifts the Whase at all stations in the same direction by the same amount.
Subsequent inversions are performed using different values for the parameters with the best

centroid position and timshft selected by minimizing the roghean square waveform misfit:

B o6 o
ol O T h

whereg¢ is the number of stations that recorded the ewens, the actual waveform recorded at
station'Qando is the predictd waveform for théQ station. A timeline showing how this

process works in redgime scenarios is shown in Fig. 5.2.
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Figure 5.3 W-phase arrival time. The arrival of the compressional wave is marked with a

vertical line labeled P. The arrival dfeé shear wave is shown at the vertical line labeled S. The
W-phase can be seen between these two body Waves.
5.3 The W-phase
Each station recording data from an earthquake records the entire duration of the event.

In order to quickly characterize therteyuake, only a portion of this recording is used. In the
past since the portion of the recording prior to the initial arrival of the compressional wave does
not contain enough data to accurately characterize an évermmntirety of the recording up tiin
the shear wave arrival has been used. Recentlyphd¥e has been identified which uses {ong
period energy arriving between the compressional and shear assleswvn in Fig. 5.3The W
phasecontains enough information to accurately invert for eardke characteristiagithout
having to wait untishear wave arrival. Additionally, using the-piiase within the inversion has
proven able to provide accurate and rapid results for a much larger magnitude range of

earthquakes than previous meth8t8he rapid results obtained using thepkase are useful
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not only for reatime earthquake information but also for tsunami warning cgradowing
tsunamigenic earthquakes to be identified sooner.
5.4 Double Source Wphase Inversion

Currently the Wphase inersion technique is used only to identify single source events,
i.e., earthquakes that can be modeled as a single point source. In reality, many events modeled as
single sources are actually multiple earthquakes occurringsimeattaneously. An extensidn
the W-phase inversion that can simultaneously invert multiple events is therefore necessary. An
extension to a double source event, i.e., two earthquakes occurrirgimakbaneously, will be
discussed here and in Chapter 6. The resulting doublees@éphase inversion must be both
accurate and able to perform in near-teak so that it can besedoperationally in the event of
an earthquaka/Vhen two earthquakes occur around the same time, rather than inverting for one
moment tensor as in the siegdource case, a moment tensor must be found for each event. The
displacemené at statioriCill still be the same as in the single source inversion but synthetic
displacements must now be calculated using both moment tensors. The resulting@sttrix

equation an extension of (5.4is given by:
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whered is element€idf the source moment tensor for the first eventiands elementcibf
the source moment tensor the second event. Similarlg’;,?l is the displacement at stati@®

computed for a moment tensor with ooly  p while 6 T] is the displacement at stati&®
computed for a moment tensor with odly  p. The observed Whase at statioiis still

given byo , being a superposition of the two selentsThe best centroid locations and time
delays for the two events are found in the same manner as the single source case.

Prior to an earthquake being characteritied,number of sources within the event may
be unkmown. Even following an event it is sometimes difficult to identify whether a single or
multiple source event has taken place. In addition to the double source inversion extension, a
method should also beplemented to identify whether an event should be classified as a single
or double sourceOne possible implementation is to run both a single source inversion and a
double source inversion and compare the two results with an Akaike Information Critd@n (
statistical test using the single source run as the first model and the double source run as the
second modelThe AIC test uses the number of degrees of freedomcofreadel along with
their sumof-squares erraio evaluate té relative fit of eaclsolution:

V) #6 |% Vs &

where( is the sample size, i.e., the number of stations V&djs the difference in degrees of
freedom between the two modeNg{Yis the surrof-squares error of the simpler model, i.e., the
single sourcénversion, andY ¢is the surrof-squares error of the more complex model, i.e., the
double source inversiof: *If ¥! ) ig negative then the more complex model should be

selected, otherwise a single source inversion is chosen as the better fitofating this test

following both a single source and double source inversion allows automatic model selection to
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Table5.1. Corner frequencies used for Butterworth bandpass filtering in tpda8e inversions.
Corner frequencies are selected basedhitial magnitude estimates.

Magnitude Low Corner High
Range (M,) (Hz)(s) Corner
(Hz)(s)
- yst 0.001(1000s) 0.005(200s)
ygr - 0.002(500s) | 0.0067(150s
X®
X® - 0.002(500s) | 0.0083(120s
X8t
X8t - 0.0025(400s) 0.01(100s)
oD
o} - 0.0067(150s)| 0.02(50s)

occur.The AIC test is ideal for selecting a single source or double source model in this case
because it accounts for the complexity of the two models and it is easily extended to generic
multiple source cases. If a triple sourceasisidered, the AIC test can be used to compare the
single source and double source models first and then if the double source case is selected, the
double source model and the triple source model can be compared in the same way. This
comparison of modelssing the AIC test can then continue until the more complex model is no
longer selected with each new comparison taking into account the added complexity of the new
model.
5.5 Inversion Protocol

The double point source Yphase inversion involves four mastaged$? In the first stage,
a single point source Whase inversion is performed using the NEIC Preliminary
Determinations of Epicenters (PDE) hypocenter. An initial magnitude estimate, obtained from
either NEIC preliminary evaluatiorss from a NOAAtsunami warning center, is used to
establish the approprafilter; see Duputel et. aR012 and Tabl&.1. A single sourcéversion

using the matrixvector systenshown in (5.1%is performed using the leastjuares technique.
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Once the single sourcelstion has been obtained, the double point sourgehse
inversion is performed using the centroid parameters of the single source inversion as a starting
pointand the miix-vector system shown in (5.16 he centroid locations of both sebents
beingconsidered in the double point source inversion are fixed at the centroid location found for
the single source solution. Since centroid locations are derived using a least squares grid search
approach, fixing the centroid locations greatly speeds uputhéme of the inversion while still
providing an accurate characterization of the twoewnts. In the third stage, a grid search is
applied to find the time shift pair that minimizes the root mean square (RMS) error of the
waveform misfit. A second irersion is then performed using the optimized time shift pair. The
final stagec o mpar es the single source model and the
method to determine the most appropriate model for the &vent.

If the double point source mebis selected by the AIC test, an extended double point
source Wphase inversion can be run to find the optimized centroid locations for the two sub
events. In order to find the centroid locations another grid search would be applied following the
inverson using the optimized time shift pair. The centroid grid search performs a preliminary
depth grid search allowing the depths of both events to vary. Once a depth pair is selected, a grid
search to find the optimal horizontal location (longitude, latitudehe twosubevents is
performed. Within the horizontal search the depths of the events are fixed at the optimal depths
selected in the previous iteration. A final inversion using the optimized time shift pair and
centroid locations yields the final slon. The results shown here use fixed centroid positions

when running the double point source model unless otherwise specified
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Figure5.4: Map of the world showing all M7.5+ earthquakes that have occurred since January 1,
2000. The events are represented by theesponding global centroid moment tensor (GCMT)
solution?#*°The CMTs are colored according to the centroid depth of the event.
5.6 Results
In this section the results of applying the protocol previously defined, i.e., performing a
single source inveisn followed by a double point source inversion and AIC test, to earthquakes
since January 1, 2000 with magnitudes of 7.5 or greater are presented. The GCMT solutions of
the events selected for testing are shown irbHgplotted at their respective hypenter
locations and colored according to centroid depth. The CMT solutions and magnitudes derived
for these events using the protocol introduced in this paper are listed irbIablée table lists

the event name, the date the event occurred andvdision type selected (single vs double

source) along with the derived magnitudes and CMT solutions. The inversion type listed is the
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Table5.2. The results from running the technique introduced in this paper for all earthquakes
since January 1, 2000 withagnitude 7.5 or greater. The columns contain the event name, date
the event occurred, magnitude(s), whether a single source or double point source inversion was
used, the time delay(s) and the focal mechanism(s) obtained. Note that if a double poat sour
model was selected, the magnitudes and focal mechanisms of both events are shown in order of

occurrence. Asterisks indicate disturbed events.

Event Date Mw(s) Inversion Type Time Delay(s) Focal Mechanism(s)
Little Sitkin Island, Alaska 2014-06-23 7.91 Single Event 24s @
Panguna, Papua New Guinea 2014-04-19 7.51 Single Event 12s @
Kirakira, Solomon Islands 2014-04-12 7.54,7.26 Double Event 11s, 23s @ G
Iquique, Chile 2014-04-03 7.68 Single Event 23s @
Iquique, Chile 2014-04-01 8.17 Single Event 45s @
Scotia Sea 2013-11-17 7.64,7.8 Double Event 24s, 72s @ @
Awaran, Pakistan 2013-09-24 7.24,7.68 Double Event Is, 25s @ @
Sea of Okhotsk 2013-05-24 8.74, 8.67 Double Event 30s, 34s O @
Khash, Iran 2013-04-16 7.74 Single Event 12s G
Lata, Solomon Islands 2013-02-06 7.96 Single Event 31s ®
Southeastern Alaska 2013-01-05 7.49 Single Event 16.5729s @
Haida Gwaii, Canada 2012-10-28 7.77,7.35 Double Event 31s, 103s @ O
Costa Rica 2012-09-05 7.62 Single Event 21s @
Philippine Islands region 2012-08-31 7.6 Single Event 14s @
Sea of Okhotsk 2012-08-14 7.73,7.12 Double Event 13s, 69s @ @
Sumatra 2012-04-11 8.54,8.7 Double Event 43s, 131s @ @
Kermadec Islands region 2011-07-06 7.57 Single Event 15s O
Honshu, Japan 2011-03-10 9.09 Single Event 70s @
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Table 5.2. Continued.

Event Date Mw(s) Inversion Type Time Delay(s) Focal Mechanism(s)
Kepulauan, Mentawai region 2010-10-25 7.83 Single Event 39s @
Moro Gulf, Mindanao, Philippines* 2010-07-23 7.41 Single Event 8s O
Moro Gulf, Mindanao, Philippines* 2010-07-23 7.63 Single Event 14s O
Nicobar Islands, India region 2010-06-12 7.45 Single Event 9s @
Sumatra, Indonesia 2010-04-06 7.76 Single Event 22s @
Bio-bio, Chile 2010-02-27 8.82 Single Event 61s @
Santa Cruz Islands* 2009-10-07 7.9 Single Event 28s @
Vanuatu* 2009-10-07 7.59 Single Event 18s @
Sumatra, Indonesia 2009-09-30 7.56 Single Event 9s @
Samoa Islands region 2009-09-29 8.03, 8.11 Double Event 25s,91s Q @
Andaman Islands, India region 2009-08-10 7.51 Single Event 26s @
South Island of New Zealand 2009-07-15 7.78 Single Event 24s @
Tonga region 2009-03-19 7.62 Single Event 17s @
Papua, Indonesia 2009-01-03 7.58 Single Event 18s @
Sea of Okhotsk 2008-07-05 7.68 Single Event 12s Q
Sichuan, China 2008-05-12 7.82,7.75 Double Event 37s,77s @ @
Fiji Islands 2007-12-09 7.82 Single Event 19s 6
Antofagasta, Chile 2007-11-14 7.74 Single Event 25s @
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Table 5.2. Continued.

Event Date Mw(s) Inversion Type Time Delay(s) Focal Mechanism(s)
Mariana Islands region 2007-09-28 7.44 Single Event 4s @
Kepulauan Mentawi region 2007-09-12 7.86 Single Event 31s ®
Sumatra, Indonesia 2007-09-12 8.42 Single Event 52s @
Coast of central Peru 2007-08-15 7.08, 8.11 Double Event 36s, 86s @ @
Java, Indonesia 2007-08-08 7.52 Single Event 8s @
Solomon Islands 2007-04-01 8.12 Single Event 47s ®
Molucca Sea 2007-01-21 7.48 Single Event 20s @
Kuril Islands 2007-01-13 8.04 Single Event 23s @
Kuril Islands 2006-11-15 8.3 Single Event 55s @
Java, Indonesia 2006-07-17 7.79 Single Event 72s e
Tonga 2006-05-03 7.98 Single Event 29s @
Koryakskiy Avtonomnyy Okrug 2006-04-20 7.56 Single Event 15s @
Banda Sea 2006-01-27 7.66 Single Event 11s O
Pakistan 2005-10-08 7.59 Single Event 14s ®
Northern Peru 2005-09-26 7.49 Single Event 6s 0
New Ireland region 2005-09-09 7.65 Single Event 31s @
Tarapaca, Chile 2005-06-13 7.78 Single Event 8s 0
Northern Sumatra, Indonesia 2005-03-28 8.53 Single Event 59s @
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Table 5.2. Continued.

Event Date Mw(s) Inversion Type Time Delay(s) Focal Mechanism(s)
West coast of northern Sumatra 2004-12-26 9.21 Single Event 140s @
Macquarie Island 2004-12-23 8.08 Single Event 28s @
Kepulauan Alor, Indonesia 2004-11-11 7.52 Single Event 15.5729s @

Rat Islands, Aleutian Islands 2003-11-17 7.72 Single Event 21s @
Hokkaido, Japan region 2003-09-25 8.11 Single Event 26s @
Scotia Sea 2003-08-04 7.49 Single Event 16s @
Carlsberg Ridge 2003-07-15 7.6,7.77 Double Event 29s, 45s @ @
Colima, Mexico 2003-01-22 7.43 Single Event 18s @
Central Alaska 2002-11-03 7.68,7.9 Double Event 15s, 55s @ @
North coast of Papua, Indonesia 2002-10-10 7.65,7.73 Double Event 22s, 76s Q G
New Guinea, Papua New Guinea ~ 2002-09-08 7.47 Single Event 13s @
Fiji Islands* 2002-08-19 7.72 Single Event 13s @
Fiji region* 2002-08-19 7.63 Single Event 23s 0
Mindanao, Philippines 2002-03-05 7.44 Single Event 15.5729s @
Southern Qinghai, China 2001-11-14 7.89 Single Event 69s @
Banda Sea 2001-10-19 7.47 Single Event 13s @
Southern Peru 2001-07-07 7.62 Single Event 20s @
Southern Peru 2001-06-23 8.41 Single Event 68s @
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Table 5.2 Finished.

Event Date Mw(s) Inversion Type Time Delay(s) Focal Mechanism(s)
Gujarat, India 2001-01-26 7.55 Single Event 10s @

El Salvador 2001-01-13 7.66 Single Event 18s 0

New Britain region 2000-11-17 7.5 Single Event 24s @

New Ireland region* 2000-11-16 7.65 Single Event 16s @

New Ireland region* 2000-11-16 8.04 Single Event 43s @

Wharton Basin 2000-06-18 7.82 Single Event 3s @

Enggano 2000-06-04 7.94,7.85 Double Event 14s, 72s @ @
Sulawesi, Indonesia 2000-05-04 7.56 Single Event 15s @

Volcano Islands, Japan region 2000-03-28 7.67 Single Event 10s @

model selected by the AIC test. If a double point source model was selected, the magnitudes and
focal mechanisms of both events are shown, in the order in which they occurred.

It wasanticipated that very few events would be classified agpt®xi i.e., as double source
solutions. This expectation is validated by the results in TaB|esince the majority of events

were classified as single source events. Overall, 86% of the 81 events considered here were
classified as single source evensing the AIC test. Of the 14% of events classified as double
source events, nine earthquakes had been previously found to be multiple point source events
nine earthquakes had been previously found to be multiple point source events (2000 Enggano,
2002 Cetral Alaska, 2007 Central Peru, 2008 Sichuan, 2009 Samoa Islands, 2012 Sumatra,
2013 Scotia Sea, 2013 Sea of Okhotsk, 2013 Awaran)antbquakes had been previously
modeled only as single source events (2003 Carlsberg, 2012 Haida Gwaii), and thepmkesth

had not been previously studied in depth (2002 Papua, 2012 Sea of Okhotsk, 2014

Kirakira).>0:5152:53:54,55.6.57.38.59.4hare were also two single source events that had been found to
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Figure 5.5: Historical seismicity for the area surrounglithe 2009 Samoa great earthquake. The
blue focal mechanisms show events of magnitude 5.0 and greater from January 1976 to
November 2014. The top right inset shows the correspondip@a8le two point source solution
for the event. The global location oktlevent is shown in the top left inset.

be multiple point source events previously (2000 Wharton Basin, 2004 Sufi&traihough

the 2003 Carlsberg earthquake has not been previously modeled as multiple source events,
studies modeling this event asiagle source earthquake have suggested that a single source
model may not be representative of the source, indicating that this earthquakes may be better
modeled as compleX:** The magnitudes and CMTs for all of the single source solutions are in

agreenent with those found by the USGS and the GCMT group. The magnitudes for the double
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source solutions are either in agreement with published literature, when such research has been
performed, or sum to a moment similar to that given by the USGS and the GOM3.

In order to provide a more-tepth analysis of the technique presented in this paper, in
the following sectiorthe full results of th@rocedurantroduced here are describied two of the
events in Tabl®.2, the September 29, 2009 Samoa eartkgweand the April 19, 2014 Pangua
earthquake.

A. Double Souce Modeli 2009 Samoa GreaEarthquake

The 2009 Samoa great earthquake was found to be a two point source event using the
presented technique and has been previously identified as a multiple svent by other
authors>®°In order to provide a full description of the two point source inversion procedure, the
results of the inversion, the results of all grid searches performed, and a comparison of
waveforms are presented here. Thegkése solubns found using the two point source
inversion are shown ithe inset of Fig5.5 These CMTs were derived using a fixed centroid
location corresponding to the centroid location of the single source solution. -phast
double point source inversion imgea normal faulting subvent followed by a thrust faulting
subevent. Both events are consistent with the results of previous studies of this complex
earthquake.

Prior to finding the two solutions shown in Fig5, a single source solution was derived.
The CMT of the best single source solution is shown in3=&g alongside a cross section of the
inferred, single source slip distribution derived by the NEIC in the hours after the eartAtuake.
This event had a large amount of slip surrounding thedeter with significant rotation seen
in the rake vectors. The significant rotation of the rake vectors along with the poor fit of the

single source mechanism with long period Rayleigh Waves (left column d.Bij.indicates a
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Figure5.6: (a) Singlesource moment tensoryhase inversion solution shown alongside a cross
section of the slip distribution for the September 29, 2009 Samoa event. (b) Surface wave motion

for simple and composite models. Ultralong period (77@30s) Rayleigiwave motions (lack)
for the Wphase point source solution (red, on left) and for thpha&se double source solution
(red on right). The WWphase interval is indicated by the red dots on the traces.
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potentially complex event, which may need a multiple point source @oluthe left column of
Fig. 5.6b shows the predicted ultralong period Rayleigdve motions, in black, for the single
source solution, versus the observegplase waveforms in red. The single source solution
shows discrepancies in both phase and amplitbideh discrepancies, especially with regard to
phase, suggest that the single source solution may not be fully describing the event.

After performing the Wphase single source inversion, a two point source inversion is
performed. Figur&.7a shows the fodanechanismslerived for the two point source solution.
For operationabased, realime double point source \Whase inversions, the centroid location of
both events is initially fixed at the centroid location of the single source event, to save
computatio time. The fixed location for this event is shown in Bgb. It was foundthat this
constraint does not notably influence the results of the inversion while it significantly decreases
the time taken to derive the final solutions. The result obtaimed fine time shift grid search
performed during the double source inversion is shown inbErg, implyingthat the initial
normal event occurred at a time delay of 35 seconds and was followed by a thrust event with a
time delay of 115 seconds. The rigbtumn of Fig.5.70 shows a comparison with the
subsequent two point source solution at the same stations used for the single source solution. The
phase and amplitude discrepancies have been corrected, implying that the two point source
model provides thediter solution. The AIC test performed for the single source and double
source inversion also indicates that the double source model should be sElgoreds.8shows
the results of a double sourcepliase inversion if a centroid grid search is alséopaed. In
this case the focal mechanisms of the two solutions still show that there was a normal event
followed by a thrust event, occurring at around the same times as in the fixed centroid solution;

however now the thrust stdvent has a larger magniei@.35 vs 8.04) and the second-sub
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Figure5.7: (a) The focal mechanisms obtained using the two point soufpbask inversion
technique for the September 29, 2009 Samoa event. (b) Location of the event (red star) using a
fixed centrad location based off of the single sourcepiase inversion solution. (c) A sample

of the point source time delays explored for the two sources. The color of each point corresponds
to the RMS error with respect to the minimum error. A gold star marksetbeted point source
delay times at 115 seconds along the source 1 axis and 35 seconds along the source 2 axis.
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event has been relocated to the navéstof the initial event. Figure S5t8shows the new
centroid locations of the two events. Since therogfs were allowed to differ from the single
source evenbcation, grid searches were performed to find the optimal depths, and horizontal
locations. The results ofi¢ searches are shown in Fig. 5.8c and Fig.5.8

Previous published literature has falthat the 2009 Samoa event was actually three sub
events: a M, 8.1 normal sutevent followed by two M 7.8 thrust event® The initial normal
event was modeled to describe the first 60 to 100 seconds of the source process, while
subsequent energy wagrdduted to the triggerethrust subevents. Sinca maximum of two
eventsare used in the double source inversion technitngetwo thrust sulevents of the Lay et.
al. study were combined into ttgengle thrust sukevent shownn Figs5.7and5.8. Thismerging
of the two M, 7.8 subevents explains the larger magnitude,(8104)of the thrust event found
in thisstudy. The time shifts found here for the two-gwents are also consistent with the time
shifts found for the three stdwvents by L# et. al.,with the singlethrust subeventof this study
corresponding to the later of the two thrust-swkents inhe Lay et. al. study. the depths of the
two eventsare fixedat 18km (as was done by Lay al.) andthe time shiftsare seto correspond
to those selected by Lay et. al. for tfiest two subeventsthe results shown in §i 5.9 are
obtained These adjustments result in g BL03 normal suevent followed by a M 8.02 thrust
subevent occurring to the southeast of the originatewunt, withinthe Tonga subduction zone.
These results are in agreement with those found by Lay®8tCahstraining components of the
inversion to fit the finite fault model, seismic wave data, or the tectonic setting of the event, as
was done here for the 2009 Sangpeat earthquake, can also be attempted irtireal to obtain
more accurate results, if preliminary results from unconstrained searches seem questionable.

Another example of thigpproach can be seen in Fig. 5.wdichdescribes results from
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Figure 5.8: (a) The focal mechanisms obtained for the 2009 Samoa event using an unconstrained
centroid grid search. (b) Location of the first (gold star) and second (red st&yentls using a
centroid grid search to determine optimum locations. (c) Thedmal locations explored using
the centroid grid search. The color of each point corresponds to the RMS error. A gold star
marks the selected location for the first ®uent and a green star marks the selected location for
the second subvent. (d) A samle of the point source delays explored for the two sources. The
color of each point corresponds to the RMS error with respect to the minimum error. (e) The
depths explored using the centroid grid search where color corresponds to the RMS error with
respectto the minimum error.
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Figure 5.10(a) The focal mechanisms obtained using the dosdoliece Wphase inversion
technique for the 2008 Sichuan event using a centroid grid search with fixed dips. (b) The
horizontal locations explored using the centroid grid search. The color of each point corresponds

the RMS error. A gold star marks the sédeklocation for the first suevent and a light blue star
marks the selected location for the secondestgmt. (c) A sample of the point source delays
explored for the two sources. The color of each point corresponds to the RMS error with respect
to theminimum error. A gold star marks the selected point source delay times at 37 seconds
along the source 1 axis and 77 seconds along the source 2 axis. (d) Location of the first and
second suevents using a centroid grid search with fixed dips to deternpti@om locations.
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performing a double point source inversion for the 2008 Sichuan earthquake. Thiadiite
model of the Sichuan event suggests that a thrust event near the hypocenter was followed by a
strike-slip subevent to the northeast orderto remain consistent with the finite faattodel,the
dip of the first evenis constrainedo 33 degrees and the dip of the second event to 60
degrees prior to the inversion. Constraining the inversion in this manner resulteg, in.&M
thrust sukevert followed by a M, 7.63 strikeslip subevent to the northeast, consistent with
other studies?

The depths, time shifts, and focal mechanisms selected when using a time shift grid
search followd by a centroid grid searehne very similar to those seted when performing
only a time shift grid search, but result in a much slower run time. Since the solutions derived
using only a time shift grid search are acceptable, it is preferable to use this inversion technique
during realtime operations, reservirige centroid grid search inversion for research purposes
only.
B. Single Source Model 2014 Panguna Earthquake

The 2014 Panguna Earthquake was selected to represent a full run for a single source
event. The Panguna earthquake was a magnitude 7.51 leaeott¢urred near Papbiew
Guinea, on April 19 (Fig. 5.31The single sawe solution selected usitgo-stage inversion
techniquedeveloped in this studg shownin the inset of Fig. 5.1IThe CMT was found to be a
thrust event (Figs.12a) and is conistent with other historic earthquakes in the area. A time shift
of 12 seconds was selected using the grid search, agreeing with the moment rate function derived
for the event® Additionally, the cross section of thipsdistribution shown in Fig. 5.E2shows
consistent slip throughout the rupture, suggesting a single source estimattyadestuibe the

event. Figure 5.12 compares the data and synthetic waveforms using a passband of 0.002
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Figure 5.11Historical seismicity for the area surroundihg 2014 Panguna earthquake. The
blue focal mechanisms show events of magnitude 5.5 and greater from January 1976 to
November 2014. The bottom left inset shows the correspondipbale point source solution
for the event. The global location of the evisndhown in the top right inset.

0.0067 Hz, showing good agreement between the two. In order to ensure that a double source
model would noprovide any improvements upon the single source solution, the ultralong period
Rayleighwave motions were compargalpredictions for the Whase point source solution and

for the Wphase two point source solution. Unlike the results of this compdostime Samoa
earthquake (Fig. 5.83 using a two point source solution did not improve waveform fits for the
Pangunavent (Fig. 5.1B8). In addition to the lack of improvement seen in waveforms when
extending from a single to a double source, the AIC test also indicates that a single source model
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(a) Model for single-source event
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(b) Representative data and synthetic waveforms
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Figure 5.12Moment rate function and doubt®uple focal mechanism shavalongside a cross

section of slip distribution for the April 19, 2014 Panguna event. (b) Representative data (black)

and synthetic (red) waveforms using a passband of 0.0@®67 Hz. The red dots indicate the
W-phase interval.
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(a) Ultra-long period waveform comparisons for the 2009 Samoa event
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(b) Ultra-long period waveform comparisons for the 2014 Panguna event
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Figure 5.13(a) Ultrdong period (774L000s) Rayleigiwave motions (black) compared to
predictions for the \Wphase point source solution (red, on left) and for thphAse two point
source solution (red, on right) for the 2009 Samoa earthquake. (b) Ultralong perigtD(00&)
Rayleighwave motions (black) compared to predictions for th@iese point source solution
(red, on left) and for the Wghase two point source solution (red, on right) for the 2014 Panguna
earthquake. In both figures that-gtase interval is indicated ltiye red dots on the traces
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is most appropriate for this event. Since no improvement was made to the predictions fer the W
phase solution when a two point source case was considered, the AIC test recommends a single
source model, and since the singteirce solution has excellent agreement with the moment rate
function, representative datand historical seismicity, it wasncludel that a single source
model provides a better representation for this earthquake.
5.7 Conclusions

The double source Whase inversion hgsroven to be a quick and accurate way to
characterize complex earthquakes. Results can be obtainediimealith an average run time
of 25.7 minutes on a quambre CPU system with Intel Xeon E5620 processors running at
2.4GHz, by pdorming a time delay grid search with fixed centroid locations within the
inversion. Including a centroid grid search allows for mordapth evaluations after an initial
estimate of the double source has been derived. The ability to use either or@yshittrgrid
search or a full centroid grid search makes this technique useful for betimealnd researeh
based scenarios. Additionally, using an AIC test has proven to be a reliable technique for
selecting the optimal model from either the singlersewr double source cases.

It has beershown that the double sourcepidase inversion technique used in
conjunction with an AIC test can be successfully applied to very large earthquak@s (M . 5 ) .
the future this technique could be extended to clenize Nsource events in a similar manner,
using an AIC test to determine the optimal number of sources that should be used to model the

event.
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