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Summary
This report consists of a review of the interpretation of Generalized Seis-
mological Data Functionals (GSDF) as a means of refining earth structure
through waveform modeling. An inversion procedure is developed, and exam-
ples are shown for synthetic and observed data.

The focus has been on the algorithm implementation, and more work
must be done to understand the limitations and applicability of the technique
with respect to real data. The effects poorly constrained source depth and
mechanism as well as noisy data remain to be investigated. A useful tool has
been implemented, though.




This page left blank

iv




SURFACE WAVE WAVEFORM INVERSION USING GSDF THEORY

Tao-Ming Chang and Robert B. Herrmann

1. Introduction

In this report, we extend the Generalized Seismological Data Function-
als (GSDF) theory to the inversion of broadband waveforms modeled as a
superposition of surface-wave modes. We demonstrate the utility of this
inversion algorithm by conducting a simple synthetic test, and then apply the
algorithm to real data to see what new knowledge about earth structure can

be obtained from this new inversion algorithm.
2. Theory of Generalized Seismological Data Functionals
Gee and Jordan (1992) introduced the theory of Generalized Seismologi-

cal Data Functionals (GSDF) as a means of characterizing differences
between observed and predicted seismograms in terms of time delays with
respect to the earth model used. The importance of the Gee and Jordan
(1992) paper is that it defines the framework for working with multimode sig-

nals.

To use the GSDF approach, we need to construct a synthetic seismogram
(§), an isolation function (f) and single-mode seismograms. An isolation
function is a sum of single-mode seismograms which may represent the domi-
nant part of the observed seismogram (s). Using a cross-correlation tech-
nique, we can quantify the similarity observed and synthetic seismograms.
For a model which does not significantly deviate from actual earth structure,
the peak of cross-correlagrams will be located near zero lag-time for all fre-
quency bands and for all windowed segments of the seismograms. The cross-
correlagrams reflect the degree that the model used to create synthetic seis-
mogram, isolation function and single-mode seismograms is different from
real earth structure. To utilize this information, we have to extract informa-
tion from different frequency ranges and interpret it in term of differences in

earth structure.




Gee and Jordan (1992) call the extracted information Generalized Seis-
mological Data Functionals (GSDF). In the following, we give a brief review
of how the GSDF is defined, how the GSDF is related to familiar physical
quantities, and how we extend this theory to invert for Earth structure Equa-
tions directly adapted from Gee and Jordan (1992) will be cited as (GJ.#),
where # indicates the original equation number in their paper.

First, we review the definition and computation of a GSDF. We can use a
Gaussian wavelet to approximate the filtered and windowed cross-
correlagrams at a specified frequency. Specifically, the windowed, filtered
cross-correlagram of an isolation function with a seismogram (either observed

or synthetic) is modeled using a five-parameter Gaussian wavelet:

F;WC(t) = g(¢) = AGalo(t -t )] cos[w,(t ~ ¢ )l (GJ.5)
F,WC () = §(t) = AGal6(t - £ 2)] cos[@,(¢ - £, (GJ.8)

F,WC(t) = Gal6;#] cos[at]
where

F; is a Gaussian frequency content filter with center frequency w; and
half-bandwidth o;,

W =Galo,(t - tw)]{l +0.01[c, (¢ —¢,]* - } is a temporal window with

half-bandwidth o,,and centered at t,,; usually ¢, = t., where ¢, is the lag-
time of the peak of F;WC¢,

Ci(t) = f (t) ® s(t), ® represents cross-correlation, is the cross-correlation

with the observed time history,

éfs(t) = f(t) ® $§(t), is the cross-correlation with the synthetic time his-

tory,

2
Galx] = exp(~ %), Ga is the Gaussian function,

A is the amplitude of Gaussian envelope,




o is the half-bandwidth of envelope spectrum,

o is the angular frequency of oscillating wavelet,
t, is the envelope group delay from zero lag-time,
t, is the wavelet phase delay from zero lag-time,

the subscript s denotes observed seismogram, subscript s combined with
~ denotes synthetic seismogram, and the subscript f with ~ denotes iso-

lation filter.

From (GJ.5) and (GJ.8), Gee and Jordan define four data functionals to char-

acterize the agreement between observed and predicted time histories:

St,=t,—1t, (GJ.9)

Styg=ty—1t, (GJ.10)
1 -

Oty =— = [InA-InA] (GJ.11)
1 -

Oty =~ —5 s — @] (GJ.12)

s
These four data functionals are related to differential phase delay, differen-
tial group delay, differences in logarithmic amplitudes and the differences in
center frequencies. These four data functionals are defined from two filtered,
windowed cross-correlagrams, they can be transformed into the more familiar

quantities such as phase velocity, group velocity, and attenuation corrections.
We will briefly describe this transformation. We note that all filtered

and windowed cross-correlagrams will be normalized by scaling FiWéﬁr to
unit amplitude. Also, if the observed and synthetic seismograms are com-
posed only of a single mode, then the GSDF are easily interpreted in terms of
differences in modeled and actual phase velocity, group velocity and Q. For

multi-mode time histories their interpretation is much more difficult.

Before relating GSDF to physical quantities, we must know the roles
these quantities play in wave propagation. For a known instrument response

and source, the difference between the spectrum of isolation filter




f(®) = I(w)P(0)S(w) and its corresponding component of the observed seismo-

grams f(w)=I(w)P(w)S(w) is called "differential propagation”". The are

related by the equation
_Po) ;
flw)= ) f(w)
= D(w)f (@) (GJ.42)

= @!Ok@R £ )y = ik @)-E@)R f~( ®)

where R is source-receiver distance. To a first order approximation, the dif-

ferential propagation can be approximated as

D(w) = exp (—w i07(@;) — (0 - ;)67,(w j)) (GJ.44)

+exp (i [a)jarp(a)j) +(w - wj)érq(a)j)D

The propagation effects of the isolation filter f() and the corresponding
waveform f(¢) on the observed seismogram are defined in four equations
which are described in terms of familiar physical quantities such as total

phase delay, total group delay, and attenuation factor.

ot,(w;) = z'p(a)j) - %p(a)j) (GJ .45)
IRCHE te@;) — Tglw;) (GJ.46)
1 .
0t (w;) = 5 z"p((oj)[Q'1 -Q ] (GJ.47)
5r0)) = 5 £ (0)IQ -G ] (GJ.48)
where |

7p(w;) is total phase delay of f(¢) at an arbitrary frequency o ; with

respect to the original time,

7,(@;) is total phase delay of £(¢) at @ i




74(w;) is total group delay of f(¢) at w;,
74(w;) is total group delay of ft)at I
@ is attenuation factor of f(2),

@ ! is attenuation factor of £(¢).

This means that whenever we are able to measure four differential quanti-
ties 67, from observed and synthetic seismograms at a certain frequency o},
we can approximate the true waveform spectrum behavior f(w) at any arbi-

trary frequency o to a first order precision.

The GSDF ¢, based on the filtered, windowed cross-correlation, and the 67,

is related to the time domain windowing function. Their relationships are

given by
5ty = 07,(@f) + (1= EDIE, — 67,(d7)] (GJ.56)
5t , = 8t (@p) +(1- et w‘f‘” )t~ 57,(65p)] (GJ.57)
Sty =~ E367,(Dy) (GJ.58)
Sty =~ 87,(@p) — (1 E2X of w’f“’ )674(dp) (GJ.59)

where

@, is the frequency from éff,

¢, is a window width facfor,

t. is the lag-time of the peak of cross-correlagram F;WC:.
There is an additional assumption that must be stated. Due to the difficulty
in relating the isolation filter’s corresponding feature in observed seismo-
gram, it is not easy to evaluate F;WC;. However, if the windowing proce-
dure is effective in isolating f(¢) from other phases on the seismograms, then
F,WC =F,WCy.

We can estimate ¢, from an isolated waveform. For non-isolated wave-

forms, the C4 can not be simply replaced by Cf, and this is a more general




situation. For non-isolated waveforms, the Gaussian wavelet can be repre-

sented as a sum of interference effects of different modes.

F,WC,(t) = ﬁ }Af F,WC,,.(t) (GJ.63)

m=1 n=1
N N
F,WC.(#) = mz=l 'El F;WC,,.(t)
where
C,un(t) = [mode m of f(®)] & [mode n of £(2)],
C () = [mode m of f(£)] & [ mode n of F(t)).
We now characterize these by the relation
F,WC,,(t) = A~mnGa[o"'f(t - t";fm)] cosld,, (¢t — t':m)] (GJ.68)
where
Amnsexp(—ﬁft?n),
By = — Gty .
In this case, we need to know four time shifts that describe the deviations of
Finst from FiWéff. Assume that the windowing and filtering effectively

suppress the bandwidth variations, so that &, = G¢. The four time shifts are

the phase delay £ ,, a group delay £, and two amplitude parameters

fq=- L m4d (GJ.60)
o

fo=— iz [, - é] (GJ.61)
of

By defining the following notation,

B,., = DT expl-@p(£y " - £ )Gal (g — )] (GJ.73)
mn = (B = GFE5 Ny =€) = G3E " — £, )E , —£ ) (GJ.74)

the perturbation expansions can be simplified by using a set N x N matrices

(Cmn = By, €08 6, (GJd.75)




(S)n = By SID Gy (GJ.76)
(Cmn = Brn@(£y — £ )COSP (GJ.77)
(Smn = ana?f(t?n —£,)sing,,, (GJ.78)

Gee and Jordan (1992) gave the following linearized relationships between

the GSDF's and computable quantities from individual mode branches.

5t,=1-C-5t +1-S-5t, (GJ.84)
5t,=—1-8.6t,+1-C-6t, (GJ.85)
Sty =—1-(Co+Sy) -8ty +1-(Cg—S,)-6t,+1-C-6t, +1-S-6t,  (GJ.86)

5ty=-1-(Cy—S,) - Stg—1-(Ca+Sy)-6t,—~1-8-5t,+1-C-5t,  (GI.87)

g
The 1 is a N-dimension vector, each element of which equals one. The §t, is
a N-vector whose n’th component is 6t7, the perturbation corresponding to
the quantity x of n’th mode. In the following section, we will translate this
&t, into 67y which directly relate to seismogram and has clear physical mean-

ing.

3. Structure Inversion

To apply GSDF theory in structure inversion, we must construct the
inversion kernel, G for our inversion. The inverse problem can be simply
expressed in the form :

0ty =Gy - m

where

x indicates one of {p, g, q, a}.

01y is an N-vector for corresponding to N modes,

G, is an N x k Frechet kernel matrix for structural inverse problem,

ém is a model correction vector for £ unknowns.

Keep in mind, that §7z, is not measurable but fortunately GSDF theory pro-

vides a way to compute these nonmeasurable quantities using the mode




interference relationship. Thus, in actual application of GSDF theory, we

must relate 5z, to dt, to create the kernel G,.

From (GJ.56-59), we can transform 6z, to t, as

Oty = 57g(dp) + (1 - EDIt 1 - S74(d3;)]
Sty = 675(df) + alt,1 - 514(65,)]

Sta = E257,(df)

Oty = 674(Bp) — ad7,(d;)

where a = (1 - £2)(

). Substituting these into (GJ.84-87) gives the fol-

& ~ @,
of
lowing equations which relate the four GSDFs to inversion kernels G,.

6t,=1-C-1at, +1-[C(Gy - aGy) ~ S(Gy - aG,)|om

6t,=1-8 1at, +1:[C(Gy~aGy) + S(Gy - aGy) | 6m
6ta=1-(Cg—8,)-1lat, +1-S-1(1- &),

+1- [—(Ca +8,)(Gy —aGy) + (Cg —S,)(G, — aGy) + £2CG, + §§SGg] sm
6ty =-1-(Co+Sy) -lat, +1-C-1(1- &2,

+ 1[—(0g ~8.)(Gy - aGy) - (C, +S,)(G, — aGy) — E2SG, + z;%ceg] sm

Now, we have a general form of inversion problem for earth structure in
terms of the GSDF’s 6¢,, kernels G, and the interference effects C,S,C,,S,.

At this point, it is possible to outline this structure inversion problem.
At a particular frequency, according to GSDF theory, using cross-correlation
technique we can obtain four measurements as our "observations" (GJ.9-12)
and evaluate the mode interference, which we will use with G; to form inver-
sion kernels. Therefore, we perform this measuring procedure at several fre-

quencies, we then have the "data vector" and "kernel matrix" ready for




inversion. In the following sections, we will show how we create the kernels
(Gy).

Kernel Gp

Kernel G, relates phase velocity changes to model perturbations.
01, =Gy -dm

The n’th component in the differential phase velocity vector 67, d7,, is define

as
R R
0T, = -
Crobs cnsyn
R R R k) o
= __=_[_1+(1_ Cn 4o cn)2...):|
c,+dc, ¢, c, n Cn
=£[_5c"+(&)2...
Cn Cn n
R R 3c, |
~——c,=| -—=—= |-6m
c,? c,?2 om
where

R is source-receiver distance,
¢, is phase velocity for rn’th mode of synthetic seismogram.

In the matrix form, we can exactly see the meaning of 67,, as the total phase

delay for mode 1 when model m changes into m + ém.

" Rd, R, R ]
Zom;, & my ¢ oms (#1mode) | spm T
5Tp1 R aCZ R ac2 R aC2 6m2
6TP2 - -C_% aml -c_g amz c—g -a_;n—; (#2 mOde) 5m3
ot
PN -'Nx1 £ aCN _1_3_ acN ﬂ Ecl . (#N o ) 5mk L.
L ¢k omy ¢} omy ¢} Img oae -

~Nxk




Kernel G,

To construct kernel G, which relates group velocity variation to model

perturbations,
07y =Gy - 6m
the n’th component in differential group velocity vector & Ty, 07, is defined as

R R

where

U, is group velocity of n’th mode synthetic seismogram.

In matrix form

[ R, RW, RWU, 1

U? om; _(-]—% omy, U*f ams (#1 mode) [ omy ]
5Tg1 R aU2 R aU2 R aUz 5m2
O __| U3omy UZomy, UZomg (#2 mode) J
ot

&N - Nx1 R aUN R aUN R aUN #N mode) sm, _kal
L Uy omy Uy 9my  U%, 9mg moae) |

Nxk

10




Kernel G,

To create kernel Gy which relates attenuation to model perturbations,
674 =Gy - dm

we extend (GJ.47) into a general matrix form and reformulate the above

equation to yield

514 = 5 5@ -G

1|, . oQ*
= § l:’l'p(a)) a?]ém

=Gq~5m

Using the relationship between y and @, the partial derivative of y with

respect to model perturbations can be calculated.

__% p
= 200,, Qn

3. o 0Q;

om 2¢o, om

1 @ 9dcg
n 2C0n2 am

-Q
Therefore, the partial derivative of @ can be rewritten as

Q! _[ 07, Lol ? dco, }2%"

om | om " 2¢, om | o

The n’th row (# n mode) of kernel Gq is

-1
(Gg)r = fpn(co){co" n , G aco"}

® om 2c, om

- Gq in matrix form is

11




P~ (1] aml

Co. 0
f(ol }’1+

® dmg

Q7' acolj fpl(col ) +

2001 am1

QT dey, )

2601 Bmz

- ( Co, 9%,
T —

P2 ] aml

D2

. QEI 3002) ; (@2 0%y .

2¢q, dm; ® dmy

Q;' dcy, )

2002 8m2

P Coy YN
Py (0] aml

Kernel G,

Qer BCONJ P (CON YN +
PN

2¢g,, om, ® 0dmy

QI—\% aCON )

2C0N am2

(#1 mode)

(#2 mode)

(#N mode) J
(N'xk)

The last kernel is G,. From (GJ.48), we have the relationship between

G, and Q.

0Ty =

DO =

([ Q'-Q11=G, - 6m

In a manner similar to deriving Gy, we can use the @ and y relation and the

partial derivatives of y to obtain the kernel G, as

(Ga)n

_ T, (@) 0@,

2 om
. co, 9y . Q' dco,
“’gn(“’)[ © dm ' 2 am
G, in matrix form is
s (w9 Q1 o) L (e, 3, Q1 e,
\ @ dm;  2¢q, Im, B\ @ omy  2cq, Im,
N (& 972 + Q' dcy, 7 [Co 0% + Q' 9c,
# @ omy  2cy, om, @ omy  2cq, Im,
5 (CON ory  Qn 9co, s (Cow Orn N Qn dco,
B @ om;  2cp, Om;) " w om, 2¢,, dm,

12

(#1 mode)

(#2 mode)

(#N mode)
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Partial Derivatives of ¢, U, and y

All four kernels G, G, G4 G, are derived in terms of partial derivatives
of phase velocity ¢, group velocity U, and attenuation y. In this section, We

will give all partial derivatives which will be used in creating kernels.

Perturbation theory is used to obtain phase velocity partials with respect
to medium parameters, and a numerical method which was introduced by
Rodi et al.(1975) is used to calculate surface-wave group-velocity partial
derivatives. The following equations are calculated for a single mode at a cer-
tain frequency, therefore we omit the subscript n for n’th mode. The sub-
script 0 is used to denote the value before introducing causal Q. The sub-
script v can be substituted by P-wave velocity o or S-wave velocity 5. p is
layer density. & is layer thickness. w, is a reference angular frequency used

for introducing causal Q.

Rayleigh Wave
C—C0+—1n(‘_)2[aco ﬂQﬂ —a—f;oa _1}

y= o = Z[aCO 1 aCO Q_1:|

u=uo[1+(2— 20y & Oc°) 2;5"]

dc _ dcg 1 @
'a; = —a;'l:l'l' ZQU ln(w—r):|

a_c_aﬂ e A aCo_ -1 aCo__ -1
=t 1< )[ (5@ + 5.1 )Q}
aC_aCO
oh ~ oh

13




oe 1 (] aCO

TP T

0 . 2

dv 22 v U ¢y ov

dy @ |dcg, B .., dc, « 11 2y dcq
8_5_203[3( 5 Q5 5 ( 5 )|, o 3p
9 __2r 3

Bh B Co ah

dy _ o deg

0Q;1 ~ 2¢2 ov v

oU anl:E_ﬂ(c—co)_*_2}'U0J+a%(£f_£)2[2£_2i_1}

v v Uy ¢co ¢ Tw dv ¢ 0 U,
ac Uo Uo 87 2u0
(2- )
E)v Co o 7w
BU_aUO U Uo Cc—Cp 2}’U0 aCO Uo 2
3,5—_37,:@?0 C_o( Co o+ rw ap(co) 2Co 2Uo !

on ~ ah

14




Love Wave

c=co+ —ln(——) 2= ac" BRG

0
Y= 222 coﬂQﬁ

u= u0[1+(2—%9)(c_c°)+ 2ZZ°J

0 Co
dc _ deg 1 »
ﬁ-ﬁ{“wv“w—ﬁ]
g _9dc 1, @00 B
3 = 3 ,,1( )[ﬂ( )Q:l
2 _ 2,
oh ~ oh
_‘?c__l In(— )aco

d7y @ dcy .5 27 dcy

ﬁ=§c—gﬁ £ ey 9B

9 _ ac"( .ﬁ.)Q-l_z_V_an

ap 2c0 B 20 F ¢y 9p

ay 2y Bco

ah Co ah

dy @ dcg

3Q7 22 ap

8_U_£9_U_0 U U, c-c 27U0 dco Ug |, € c
98B |Us o0 o0 ra |7 e |Pa 2T,

15




oc U, Uo 87 2u0
Y 3B ¢ (2— 8,3 rw

U aUO[U U, c—co)+27Uo]+aco Uo)z[

op op |Uy ¢ ¢y Tw dp ¢ Co U 0
+z:_ﬂ(2_U0 a}’ 2u0
dp ¢y ap rTw

oU Uyl U Uy, c—c 27’U0 aCO U02 ~_9 = _
R ah[_"‘( * J o |2 2T, !

-~ oh UO Co Co ah Co Uo

4. Forming Inversion Kernel

As shown above, we calculate partial derivatives with respect to all
parameters (a, B, p, Q,, @4, ) instead of computing partial derivatives for
shear velocity only. The intention is that we try to provide all the possible
tools to interpret the seismograms as completely as possible, and as automat-
ically as possible. Therefore, it is the users’ responsibility to choose those
model parameters they want to invert; and only the chosen part will be used

to assemble the inversion kernel.

To stabilize the inversion, all information for different frequencies inside
the inversion kernel are weighted according to their frequency amplitudes.

This weighting procedure greatly improves the inversion stability.

When inverting teleseismic surface-waveforms, sometimes the body
waves (e.g. SS, SSS) or some unwanted surface-waves due to improper rota-
tion will have bad influence on the cross_correlation between the isolation
function and the observed seismogram, and cause signal misalignment. To
avoid this problem, a window is applied on the seismograms before doing

cross-correlation, and this may successfully isolate the surface wave

16




wavetrain from those body waves outside the surface wave wavetrain.
Although prewindowing procedure is applied, the same trouble still may hap-
pen occasionally. In such a situation, the information at that frequency must
be rejected from forming inversion kernel, otherwise it will plague the inver-
sion for its strong misaligned "phase delay" or "group delay”". Figure 1 shows
an example of this problem. Due to improper rotation, the unwanted Love-
wave waveform appears on the radial component seismogram prior to the
Rayleigh wave wavetrain. This unwanted Love wave signal causes two kinds
of mistakes, wrong identification of a Gaussian wavelet (Figure 1a) and sig-

nal misalignment (Figure 1b), which can not be incorporated in inversion.

17
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Figure 1. This is an example showning how unexpected signal interference affects the
extracting procedure in GSDF theory. There are five traces presented to show the different
processing stages. The top two traces are the prefiltered isolation filter and observed seismo-
gram, respectively, The third trace shows the Gaussian filtered cross-correlation at a target
period of 20.0 seconds. The five extracted parameters are shown. The dashed curves inside
the envelope are from the synthetics and the solid curve are from the observed data. The
fourth trace is the windowed cross-correlagram shown in the third trace. The bottom trace is
the filtered windowed cross-correlagram and its five Gaussian wavelet parameters which are
to be used in further processing. Due to improper rotation, the Love wave appears on radial
component before the Rayleigh wave arrival. The Love wave wavetrain may causes two kind
troubles like (a) wrong determination of Gaussian wavelet parameters, and

We have mentioned that users have the power to decide what parame-
ters will be inverted for during the inversion. An aspect which strongly
related to this decision is the phrase "using what kind information ?". During
each iteration in the inversion, we have calculated partial derivatives with
.respect to parameters for each layer at several appointed frequencies, and all
this information is rearranged to form four kind delays at each frequency.

After manually rejecting miscalculated cross_correlations at some
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Figure 1. (cont’d). (b) Misalignment of signals which produces significant bias phase and
group delay. This arises because a period of 25 seconds is considered compared to 20 seconds
in Figure la.

frequencies, users have to decide which combinations of 6¢,, 5t,, 8t,, dt, they
will use to invert for a particular combination of model parameters (e, g, p,
Q., Qp, h). From our experience, we found that when we invert for velocity
structure the phase delay (6¢,) and the group delay (6¢,) play the major roles
in inversion, and the other two delays (6%,, 6¢,) are better in inverting for
attenuation factors. We also found that when the initial model is far from the
final result, using group delay information in inversion can easily pull the
model close enough to the final model so that phase delays can be used. It is
only at the final stage when the synthetic is very close to the observed seis-
mograms that the phase delay information can be used at a powerful fine

tuning of the model since there is no "cycle skipping" problem.
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5. Synthetic Test

A simple source with strike, dip, rake angles of 45°, 45°, 45°, respectively,
in 20 km deep was used in this synthetic test. Receiver is located at 1000 km
away along 10° in azimuth. The "observed" seismograms were created for a
two layered crust with an upper mantle deviating slightly from the PREM
model (Figure 2). Here, we only try to invert for shear velocity structure, so
all the other parameters related to the source and earth model are assumed
known. The starting model is a two-layered crust model with the PREM
model beneath 40 km depth. It is clearly seen in Figure 3 that the starting

synthetic seismograms are very far away "observed" seismograms.
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TRUE — INV —-  SYNTHETIC_TEST START

Figure 2. The starting model (dashed line) used in synthetic test of GSDF inversion algo-
rithm and the "true" model (solid line) used to create the "observed data".

After 12 iterations, the synthetic seismograms are almost the same as
"observed" seismograms (Figure 4). Checking the model differences between
the "true" model and the final model (Figure 5), we can see the crust struc-
ture almost matches the "true" model, except in the upper mantle where the
surface wave doesn’t provide enough resolving power and the inverted struc-
ture is causing the "zig-zag" pattern. The differences in Q models are not sig-

nificant at these frequencies and this distance.
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Figure 3. The velocity time histories of "observed seismograms" (solid line) and the those
from the starting model (dashed line) are both filtered in the frequency band 0.01-0.05 Hz by
using a Butterworth filter with four poles. The plotted seismograms are normalized accord-
ing the maximum amplitude of each component in current frequency band. It is clear to see
that the starting model is not close to the "true" model and this may demonstrate the ability
of the inversion programs to resolve structure.

6. Real Data Test

After the successful synthetic test, we wish to test this technique on real
data. The April 14, 1995 Texas earthquake is the one chosen. According to
Sipkin’s USGS solution, the epicenter of the Texas earthquake is at 30.261°N
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Figure 4. After 12 iterations, the final inversion result show an predicted waveforms almost
identical to the "observed seismograms".

103.33°W and origin time is 00:32:55UT. The current collected data set con-

sists of 49 broadband stations from IRIS, Canadian National Seismological
Center (CNSDC), USGS, and UNAM (Figure 6).

Some source parameters were redetermined on the basis of fitting sur-
face wave amplitude spectra. The redetermined source depth is 23 km deep,
with strike, dip, rake angles of 114°, 64°, -101°, respectively with M,, = 5.6.

From some stations whose epicenter distances greater than 3600 km, it is
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Figure 5. The comparison between the final model and the "true model". We can see that the
2-layer crust is very close to the "true" model, but that in the upper mantle the model shows
some "zig-zag" pattern.

easy to see a systematically 7-9 seconds travel time difference between pP
and P arrivals (Figure 7). This observation confirms that the source depth is
deeper than those suggested by USGS Sipkin’s solution (13 km) and Har-
vard’s CMT solution (15 km).

The focal mechanism generally matches the surface wave amplitude
spectra radiation pattern at periods 5-60 seconds (Figures 8a and 8b). The
source time function used in this study is a parabolic source time function

with 2.0 seconds duration.

7. Inversion Procedure

We have tried three different inversion runs, the first two exhibit some
significant difficulties in matching the waveform or in reasonableness of the
resulting model, so the third one has been adapted for inverting structure. In
performing the inversions, we use an earth flattening approximation to use

plane-layered surface-wave theory to generate synthetics.

The first run consisted of a joint inversion of both Rayleigh and Love

wave seismograms for shear velocity structure. The result was that the
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Figure 6. The Texas earthquake in relation to stations providing broadband data.
synthetic seismograms tended to fit the largest surface wave amplitude, and
ignored the small amplitude wavefields. This arose because of the amplitude

level weighting used to stabilize the inversion. Therefore, separate inver-

sions for Rayleigh wave and Love wave were necessary.

The second sequence consisted of inverting for the shear velocity struc-

ture from the Love wave, and then using this structure as an a priori shear
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Figure 7. Nine stations whose epicentral distance greater than 3600 km show a general 7-9
seconds in differential travel time between pP and P phase. This supports a source depth
deeper than 20 km.

velocity structure so the the Rayleigh wave provided information on the com-
pressional velocity structure. This procedure can match both Rayleigh wave
and Love wave waveforms very well, but we found it is impossible to find a
reasonable explanation for the anomalous Poisson’s ratios in the inverted
model. It is well known that the surface waves are insensitive to compres-
sional wave velocity structure, so the only conclusion for this is that the shear
velocity structure inverted from Love wave is not adequate for Rayleigh
wave. An unaccounted anisotropy effect may cause the overcorrection in com-
pression velocity structure. Figure 9 compares waveforms and Figure 10,
shows the model resulting from the second inversion procedure. Although
the synthetic waveform does not perfectly fit the Rayleigh wave (Figure 9),
we can see the general features are matched using a single model for both
Love and Rayleigh waves. In Figure 10 we see that the P-wave velocity
structure has lower values to compensate for the high shear velocity, and

vice versa. The results are some unexplainable Poisson’s ratios such as 0.135
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Figure 8. The source mechanism is redeterminated by fitting the surface wave amplitude
spectra radiation pattern at periods 5-60 seconds. (a). The Love wave radiation pattern for
the preferred solution. The bars indicate attenuation corrected spectral amplitudes in cm-sec
normalized for geometrical spreading to 1000 km.

for the middle crust and 0.328 for the lower crust.

Since our forward synthetic seismogram algorithm does not include
anisotropy effect, we modify our inversion procedure as as follows: we invert
Vs sg from Love wave, and another separate inversion of Vs psv from
Rayleigh wave on the vertical component. We fixed the Poisson’s ratio when
we invert V; pgy from Rayleigh wave. The fixed Poisson’s ratios are kept the
same as the original input model. In this study, we set the Poisson’s ratio as
0.25 for crust, 0.28 for the layers between 40 km and 220 km, and adopt the
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| Figure 8. (Cont’d). (b) Comparison of observed and predicted Rayleigh wave radiation pat-
terns.

values from PREM model for those layers deeper than 220 km.

When we invert for shear-wave velocity structures, the attenuation fac-
tors can be determined simultaneous either by joint inversion of V; and @ or
by another separated @ inversion. The @ determination is not definitive,
since we have a lot uncertainties in our source and velocity structures in our
inversion, so the only objective criteria for determining @ is the envelope
shape of the surface wave wavetrain. As shown on Figure 11, the Rayleigh
wave signal at large distance is well dispersed with a strong Airy phase. This

Airy phase corresponding is affected by crustal wave propagation, therefore,
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Figure 9. The result of inversion using the second procedure. This inversion procedure
inverts S wave velocity from Love wave and after that inverts P wave velocity from Rayleigh
wave by assuming no anisotropy effect. This shows a acceptable waveform match in phase,
but not in envelope.

the envelope amplitude of the Airy phase is controlled by the crustal attenua-

tion factors. So the @ structure determined is sensitive to the crust and

uppermost mantle.
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Figure 10. The model inverted by the second inversion procedure.

8. Inversion results

Data from 43 of 49 broadband stations were inverted. In this report,
three stations were selected to present the inversion results and the wave-

form fitting success will be shown on several different frequency bands.

Station ALE, which located in Arctic region is the farthest station used
in this study. There are some interesting features for the inverted results.
Looking at the waveform fit in the low frequency range (0.005-0.03 Hz band-
pass; shown as Figure 11a), it is clear to see that the synthetic seismograms
successfully match the observed surface wave. Two velocity models, PSV and

SH are inverted respectively from Rayleigh wave and Love wave.

For ALE, the attenuation factor was fixed during inversion. A high Q
structure (Q¢ = 1000) is used for crust, a low Q (@5 =100) was adopted for
structure between 40 km and 500 km, and using Qg = 143 for those deeper
than 220 km. And from Figures 1la,b, the synthetic Rayleigh wave and Love
wave amplitudes only show small deviation from observed seismogram,
therefore the Q model is considered adequate. We also notice this sharp Q
contrast between crust and mantle is a common character for those stations

located inside the North America craton region.
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Figure 1la. Waveform fit of the final inverted model for ALE in the frequency band of
0.005-0.03 Hz. The signal which arrives at 1020 seconds and around 1300 seconds are S and
SS phase, respectively. From the S phase waveform, we can say that the source time func-
tion used in this inversion is a little short but is close enough.

The second station is FCC which located on the west shoreline of Hudson
Bay and is in the center of the North America craton. The inverted models
(Figure 13) show high shear velocity for upper mantle but not as high as SNA
model (Grand and Helmberger, 1984). The current inversion result shows
4.5% anisotropy between 70 km and 140 km. The synthetics fit data well at
low frequency (Figure 14a) and can fit the fundamental mode as high as 0.1
Hz (Figure 14 ), but have difficulty to produce some higher mode arrivals at
800 and 940. the time range.

The final station is PAS. The wave propagates through the southern
Rocky Mountains. The inverted model (Figure 15) does not require
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Figure 11b. (Cont’d). Waveform fit in the 0.005-0.05 Hz frequency band.
anisotropy and the shear velocity model is very close to the TNA model
(Grand and Helmberger, 1984). The synthetics fit the S phase which arrives
around 350 seconds and surface wave very well (Figures 16abc) and this sug-
gests that there is a velocity discontinuity at 220 km which can not be seen in
the TNA model. The Q is very low, with the average Q for crust of lower than
200. However we found one interesting feature about the Q behavior. The Q
values between 40 and 220 km are slightly higher than PREM model, i.e., a
low Q crust underlain a slightly high Q upper mantle with respect to the ref-
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Figure 14. The waveform fitting for final model in FCC are shown at three frequency bands :
(a) 0.01-0.03 (b) 0.01-0.05 (c) 0.01-0.1 Hz. The SS phase arrives at 660 seconds. The inverted
model can fit fundamental mode Love wave and Rayleigh wave waveforms as high as 0.1 Hz,
but it lacks the ability to simulate the higher modes.

9. Conclusion

We implemented the Generalized Seismological Data Functionals tech-
nique of Gee and Jordan (1992) in a surface-wave waveform inversion algo-
rithm. A simple synthetic test shows its robust inversion ability. After a suc-
cessful synthetic test, we useed this inversion algorithm on real data to fur-
ther test its ability. The Texas earthquake (30.26 °N 103.33°W, 00:32:55UT,
April 14, 1995) is a very good earthquake for this purpose because it was well
recorded, its source depth is well constrained, the focal mechanism is fairly
determined, and the seismic moment is constrained by long period surface
waves. The inversion results are excellent and show some interesting fea-
tures. For the craton there is some evidence for anisotropy and crustal Q is
high. For the mountain region, although the inverted model show very simi-
lar shear velocity structure like TNA model, but from the S-wave waveform
the model prefers a velocity discontinuity at 220 km. These features worth

more effect on them.
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Figure 14. (Cont’d). (b) 0.01-0.05 Hz.
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Figure 14. (Cont'd). (c¢) 0.01-0.1 Hz. The SS phase arrives at 660 seconds. The inverted
model can fit fundamental mode Love wave and Rayleigh wave waveforms as high as 0.1 Hz,
but it lacks the ability to simulate the higher modes.
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Figure 15. The inverted models for PAS. There is no clear anisotropy effects. The crustal Q
is very low.
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Figure 16. Waveform fitting are shown on three frequency bands : (a) 0.01-0.03 (b) 0.01-0.05
and (c) 0.01-0.1 Hz. The S wave signal arrives at 350 seconds.
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Figure 16. (Cont’d). (b)0.01-0.05 Hz.
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Figure 16. (Cont'd). (c) 0.01-0.1 Hz.
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